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Abstract
Particles with complex shapes and compositions are omnipresent in industrial processes, such as
encountered in the chemical, pharmaceutical, automobile and food industries. For instance colloidal
drop, i.e. drop with solid particles dispersed in them, are inherent in the spray drying process
used frequently in the food industry. Thus, in order to optimize such processes, there is a need to
characterize these particles in terms of size, colloidal (solid particle) concentration, the size of the
inclusions and possibly also velocity. The present study addresses this need for drop characterisation
and concentrates on some particular examples of complex particles: drops with single embedded
spheres; drops with single embedded platelets (e.g. aluminum flakes); and drops with multiple micro-
or nanoparticle inclusions (colloidal suspension drops). The characterization of a homogeneous
spheroidal particle has also been studied, serving as a validation and reference case.
This thesis focuses on the light scattering of complex particles and characterization of such
particles with the time-shift measurement technique. Within the scope of this study, spheroidal
drops, drops with single embedded flakes or spheres, and drops with multiple spherical inclusions
have been studied. According to the shape, composition and the size parameter of the particle,
corresponding simulation methods have been chosen to simulate the light scattering. The ray-tracing
method has been used to investigate the light scattering properties of spheroidal drop by varying its
aspect ratio, and drops with single embedded flakes or spheres by varying the position of the sphere
and the orientation of the flake within the drop. For drops with multiple inclusions, the polarized
Monte Carlo ray-tracing method as well as the discrete dipole approximation method are used to
study its light scattering properties. In addition, the time-shift signals, which are generated when
the particle falls through a highly focused Gaussian beam of the time-shift instrument, have been
simulated for the drops mentioned before. The goal is to investigate if the time-shift technique is
able to unequivocally detect whether a drop contains a spherical particle or not, or detect if the drop
contains flake. The possibility to use the time-shift technique to estimate the volume concentration
of the inclusions within the drop has been studied as well.
To validate the simulation results, corresponding experiments have been conducted to obtain
the raw time-shift signals by using the time-shift instrument to measure pure water drops as well
as the colloidal drops, which have multiple polystyrene latex nanoparticles embedded. During
the measurement, the size and the volume concentration of the nanoparticles have been varied.
Subsequently, comparison has been made between the measured and simulated time-shift signals to
validate the simulation results. Through signal processing, the relative scattering strength from
the inclusions has been evaluated from the measured time-shift signal to estimate the volume
concentration of the inclusions. The size of the inclusions is estimated through evaluation the
attenuation ratio of the time-shift signal.
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Kurzfassung
Partikel mit komplexen Formen und Zusammensetzungen sind in industriellen Prozessen allgegen-
wärtig. Sie finden in der chemischen, pharmazeutischen, Automobil- und Lebensmittelindustrie
Anwedungen. Beispielsweise sind kolloidale Tröpfchen, d. H. Tröpfchen mit darin dispergierten
festen Partikeln, häufig in Sprühtrocknungsprozess in der Lebensmittelindustrie von Relevanz.
Um die zugehörigen technischen Prozesse optimieren zu können, besteht die Notwendigkeit, diese
Partikel hinsichtlich ihrer Größe, kolloidalen Konzentration (feste Partikel), Größe der Inklusionen
und möglicherweise auch ihrer Geschwindigkeit zu charakterisieren. Die vorliegende Arbeit befasst
sich mit der Tröpfchencharakterisierung unter den genannten Aspekten und konzentriert sich auf
einige besondere Beispiele komplexer Partikel: Tröpfchen mit einzelnen eingebetteten Kugeln; Tröpf-
chen mit einzelnen eingebetteten Flocken (z. B. Aluminiumflocken) und Tröpfchen mit mehreren
Mikro- oder Nanopartikelinklusionen (kolloidale Suspensionströpfchen). Die Charakterisierung eines
homogenen ellipsenförmigen Partikels wird ebenfalls untersucht und dient als Validierungs- und
Referenzfall.
Genauer befasst sich diese Arbeit mit der Lichtstreuung komplexer Partikel und der Charak-
terisierung solcher Partikel mit der Zeitverschiebungsmesstechnik. Hierbei werden kugelförmige
Tröpfchen, Tröpfchen mit einzelnen eingebetteten Flocken oder Kugeln und Tröpfchen mit mehreren
kugelförmigen Inklusionen betrachtet. Entsprechend der Form, Zusammensetzung und geometrischen
Eigenschaften des Partikels werden entsprechende Simulationsmethoden ausgewählt, um die Licht-
streuung der Partikel zu simulieren. Das Raytracing-Verfahren wird verwendet um die Licht-
streuungseigenschaften von kugelförmigen Tröpfchen für unterschiedliche Seitenverhältnisses zu
untersuchen. Bei Tröpfchen mit einzelnen eingebetteten Flocken oder Kugeln wird mittels des
Verfahrens der Einfluss der Position der Kugel innerhalb des Tröpfchens und der Ausrichtung von
Flocken innerhalb des Tröpfchens untersucht. Für Tröpfchen mit mehreren Inklusionen werden das
polarisierte Monte-Carlo-Raytracing-Verfahren sowie die diskrete Dipole Approximation verwendet,
um ihre Lichtstreuungseigenschaften zu untersuchen. Zudem werden die Zeitverschiebungssignale
simuliert, welche entstehen, wenn Tröpfchen mit den zuvor genannten Eigenschaften durch einen
stark fokussierten Gaußschen Strahl eines Zeitverschiebungsmessinstruments fallen. Ziel ist es
zu untersuchen, ob die Zeitverschiebungsmesstechnik eindeutig erkennen kann, ob ein Tröpfchen
ein kugelförmiges Teilchen oder Flocken enthält. Die Möglichkeit, die Volumenkonzentration der
Inklusionen innerhalb des Tröpfchens mit der Zeitverschiebungstechnik abzuschätzen, wird ebenfalls
untersucht.
Zur Validation der Simulationsergebnisse werden entsprechende Experimente durchgeführt. Hier-
bei werden Zeitverschiebungssignale eines reinen Wassertropfens sowie für kolloidalen Tröpfchen,
in die mehrere Polystyrol-Latex-Nanopartikel eingebettet sind, unter Verwendung des Zeitver-
schiebungsinstruments ermitttelt. Für die Messungen werden die Größe und die Volumenkonzen-
tration der Nanopartikel variiert. Die experimentell ermittelten Zeitverschiebungssignale werden
mit denen aus Simulationen verglichen, um die Simulationsergebnisse zu validieren. Durch Sig-
nalverarbeitung wird hierbei die relative Streustärke durch Inklusionen aus dem gemessenen Zeitver-
schiebungssignalen bewertet, um die Volumenkonzentration der Inklusionen abzuschätzen. Die Größe
der Inklusionen wird durch Auswertung des Dämpfungsverhältnisses des Zeitverschiebungssignals
geschätzt.
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1 Introduction
This chapter provides first a motivation for the study of light scattering properties of complex
particles. Then an overview of the thesis contents is given.
1.1 Complex particles and their industrial relevance
Particles with complex shapes and compositions are omnipresent in industrial processes, such as
encountered in the chemical, pharmaceutical and food industries. For instance colloidal drops, i.e.
drops with solid particles dispersed in them, are inherent in the spray drying process used frequently
in the food industry. Thus, in order to optimize such processes, there is a need to characterize these
particles in terms of size, colloidal (solid particle) concentration and possibly also velocity.
The present study addresses this need for drop characterisation and concentrates on some
particular examples of complex particles: drops with single embedded spheres; drops with single
embedded platelets (e.g. aluminum flakes); and drops with multiple micro- or nanoparticle inclusions
(colloidal suspension drops). The characterization of a homogeneous spheroidal particle has also
been studied, serving as a validation and reference case. These different types of complex drops
are briefly introduced below, outlining their peculiarities and where they can typically be found in
industrial applications.
Microparticles with a core-shell structure
Particles with a core-shell structure are widespread in the pharmaceutical industry. These particles
are usually produced using a micro-encapsulation process, by which a drug core is embedded within
a liquid shell, as pictured in Fig. 1.1 [34]. Coaxial electrohydrodynamic atomization is one of the
micro-encapsulation methods which has been used to produce particles with a core-shell structure,
as Fig. 1.2 illustrates. For this method, a coaxial nozzle is used to mix the drug with the shell liquid.
During the production process, there is a need to determine whether or not the generated drop
contains the drug particle.
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Figure 1.1: Particles with a core-shell structure, produced by the micro-encapsulation method. The material
of the shell is alginate and the material of the core is matrigel. The particles within the sub-Figs. (a) - (e)
are created by varying the flow speed of the inner phase and outer phase of the coaxial nozzle. The scale
bars in all images are 200 microns. Permission granted from the publisher John Wiley & Sons, Inc.
Figure 1.2: CEHDA process for producing uniform composite core–shell structured microspheres [65].
Permission granted from the publisher Elsevier Ltd.
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Drop with embedded flakes
Spray painting is a commonly used industrial process to create a radiant surface and to protect the
underlying substrate from erosion. For instance, the automotive industry faces sustained challenges
to optimize its coating processes in terms of energy and resource minimization and environmental
impact. It has been roughly evaluated that the overall transfer efficiency in the automotive industry
is only between 50% and 60% [43]. Considering the huge production volume of automobiles, even
minor improvements of the paint material usage could lead to a significant economic benefit and a
reduction of pollutant discharge.
Figure 1.3: Spray coating in the automotive industry.
Many coatings in the automobile industry involve metallic paints, in which aluminum flakes are
embedded in the drops impacting the surface. During the spray coating process, knowing whether
the drops contain an aluminum flake or not is therefore of great importance, since it directly affects
the quality and lustre of the coating. Moreover, knowing the portion of drops containing flakes
could help reduce the overall volume of required paint. Presently, on the commercial market, there
are several optical measurement techniques available to measure the distribution of the drop size,
such as the time-shift measurement technique [51] and the phase Doppler measurement technique
[1]. However, these techniques do not currently offer the possibility of flake detection in a drop.
Nevertheless, the time-shift technique is a potential method to capture such information, and this is
one ansatz explored in the present study [28], in particular in Chapter 4.
Colloidal suspension drops
Colloidal suspension drops are widely encountered in industrial processes for transporting powders
drug as suspensions in liquid before spraying them, for instance fuels with dispersed, metallic
nanoparticles, colloidal suspension drops(e.g. ink-jet printing), or encapsulation of particles, in
which a liquid layer covers the particle, typical for pharmaceutical applications. A spray drying
process for the production of the composite powders is illustrated in figure 1.4 [71]. It is of interest to
characterize such drops not only according to the drop size, but also using the colloidal concentration.
For instance, in spray drying of milk powder, the solubility of the final dried milk powder is associated
with the initial concentration of the milk powder in the colloidal drop, thus, for controlling the
solubility, it is necessary to measure the colloidal concentration of the milk drop. Or, as another
5
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example, when cooling hot forge dies by using spray cooling, the drops used for spray cooling usually
contain graphite for lubrication purpose, whereby the concentration of the graphite in each drop
should be uniform [49].
Figure 1.4: Spray drying process used to produce composite powders. Copyright Reproduced with permission
from the publisher Elsevier Ltd.
There exists also need to characterize the size of the inclusions or nanoparticle, as Fig. 1.5 shows.
The size of inclusions could range from several tens of nanometer to several hundred micrometer.
When the size of the particle under 100nm, it could be difficult to characterize its size with normal
scanning electron microscope. With this study, a method is developed for characterization the size
of nanoparticle with the time-shift measurement instrument, which will be described in section 5.3.1
Figure 1.5: Silicon nanoparticle powder
In summary, particles with complex shapes and compositions commonly appear in a multitude
of industrial applications. Characterization of these particles is of great interest to improve the
respective production processes; however, this characterization still remains a challenge. On the other
hand, optical measurement techniques are the preferred choice for this task because of their non-
intrusiveness [58]. A prerequisite for their development and application is however, understanding
and predicting the light scattering properties of such particles.
6
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1.2 Overview of the thesis
This thesis focuses on the light scattering of complex particles and characterization of such particles
with the time-shift measurement technique. Within the scope of this study, spheroidal drops, drops
with single embedded flakes or spheres, and particles with multiple spherical inclusions have been
studied.
Chapter 2 provides a review of classical electromagnetic theory. According to the size, shape
and composition of the matter, the corresponding theory for simulation of the light scattering of
the matter is introduced, such as the Lorenz-Mie theory for the computation of the light scattering
of spherical and homogeneous particles; the extended boundary method for simulation of light
scattering from particles with arbitrary symmetry; the ray-tracing method for simulation of large
particles with smooth surfaces; and the discrete dipole approximation method for the simulation of
light scattering from particles with complex shape and composition.
Chapter 3 is about the simulation of the light scattering from complex particles. For simulation
of the light scattering from drops with an embedded particle, the three-dimensional ray-tracing
method was used in this study. For colloidal drops with a large size parameter, the polarized
three-dimensional, Monte-Carlo ray-tracing method has been used for the simulation of the light
scattering; and for colloidal drops with a small size parameter, the discrete dipole approximation
method has been used. The simulation results have been validated by comparing to some reference
cases with known solutions.
Chapter 4 is about the simulated time-shift signals generated from complex particles. An
analytical solution of the time-shift signal generated from a pure drop is given at the beginning.
Subsequently, the time-shift signals have been simulated for spheroidal drops by varying the aspect
ratio, and drops with an embedded sphere or flake, in order to obtain the signal features to
characterize these particles.
Chapters 5 introduces the experimental facilities and the experiments conducted for the validation
of the simulation results. The signal from a time-shift device has been recorded when a colloidal
suspension drop falls through the laser sheet of the time-shift measurement instrument. The obtained
signals were analyzed and compared with the simulation results for the validation of the simulation
method.
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In this chapter, the author will briefly review some methods for the computation of light scattering
from particles. Light is electromagnetic radiation whose wavelength ranges from 380nm to 740nm,
therefore, the analytical and numerical formulation for describing the electromagnetic scattering
properties of particles is built upon classical electromagnetic theory. The author will start from
Maxwell’s equations, a set of coupled partial differential equations that forms the foundation of
classical electromagnetism. The light scattering problems of particles essentially focus on calculating
the electric field within and outside of the particle. Several methods for the simulation of light
scattering of particles will be introduced by solving Maxwell’s equations under certain boundary
conditions dictated by the features of the particle.
2.1 Review of electromagnetic theory
2.1.1 Maxwell’s equations
„War es ein Gott, der diese Zeichen schrieb?“
— Ludwig Boltzmann
As the physicist Feynman said, the formulation of Maxwell’s equations is one of the most significant
events during the 19th century. Before the formulation of the Maxwell’s equation, the French
mathematician and physicist François Arago, discovered in 1823 that a magnetic field could be
induced by an electric current. Subsequently, the British physicist Michael Faraday discovered
that an electric field could be created by changing the magnetic flux of a closed loop and that the
magnitude of the electric field is proportional to the rate of change of the magnetic flux. Then the
Scottish physicist James Clerk Maxwell used a set of differential equations to describe Faraday’s
work, achieving the second unification in physics. It mathematically interprets how electric charges
and currents create the electric and magnetic field as well as how the electric field induces the
magnetic field, and vice versa. Maxwell’s equations can be formulated either in differential or
integral form, as summarized in the following Tab. 2.1.
9
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Differential Form Integral Form
Gauss’ law ∇ ·D = ρ
∮
S
D · dA =
∮
V
ρ dV
Gauss’ law for magnetism ∇ ·B = 0
∮
S
B · dA = 0
Faraday’s law of induction ∇× E = −∂B
∂t
∮
C
E · dl−
∮
C
B× vl · dl = −
d
dt
∮
S
B · dA
Ampère’s law ∇×H = J + ∂D
∂t
∮
C
H · dl =
∮
S
J · dA +
∮
S
∂D
∂t
· dA
Table 2.1: Maxwell’s equations in differential and integral form.
In this table E is the electric field, H is the magnetic field, D is the electric displacement, B is
the magnetic induction, vl is the velocity of a part of the boundary loop, J is the current density
and ρ represents the macroscopic free charge density without counting the induced dipole charges
bounded by the matter [38]. The Gauss law for the electric displacement formulates how a certain
amount of free charge within a space volume results in the electric field. It also states briefly that
electric lines diverge away from a positive electric charges and converge towards a negative charge.
For the magnetic field, the divergence is zero everywhere; therefore, no magnetic monopole exists.
The third equation is a formulation for Faraday’s law of induction, which indicates that the time
varying magnetic field can induce the electric field. The fourth equation is a generalization of the
Ampère’s law, which indicates that an electric current induces a magnetic field that swirls around its
direction and that a time varying electric field could also contribute to the magnetic field. When the
properties of the matter do not change continuously, the boundary conditions depicted as Eqs. (2.1)
and (2.2) need to be invoked.
n× (E1 −E2) = 0 (2.1)
n · (B1 −B2) = 0 (2.2)
in which n is the normal vector at the boundary. Eqs. (2.1) and (2.2) indicate that the tangential
component of B and the normal component of E should be continuous.
2.2 Methods for simulation of light scattering from particles
Following Tropea [58], particles can be classified according to their shape and composition, as
depicted in Fig. 2.1.
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Figure 2.1: Particle classification. Permission granted from the publisher Annual Reviews [58]
To simulate the light scattering of particles, the most appropriate method depends on their shape,
size parameter and the composition of the particle. The size parameter is defined as the particle
diameter (d) relative to the wavelength λ of the incident light
x = πd
λ
(2.3)
and is often known as the Mie parameter. The Lorenz-Mie theory embodies a rigorous analytic
solution for the light scattering of homogeneous spherical particles illuminated by a plane wave
[36]. Subsequently, analytic solutions for homogeneous infinitely long cylinders[47], homogeneous
spheroids [3] and a multi-layered spherical particle[21] were also obtained. The Debye series
decomposition of the light scattering by a spheroid has been studied, which gives more physical
insight into the light scattering by a spheroidal particle [60]. For particles with irregular shapes
or inhomogeneous composition, the Discrete Dipole Approximation (DDA) method, which is a
numerically exact solution of the electromagnetic scattering of matter, can be used to compute the
electromagnetic scattering of such particles [73]. However, as the size parameter and the refractive
index of the particle increases, the computation time rises dramatically. The extended boundary
condition method can be used to solve the light scattering problem for single or compounded
particles with arbitrary shapes as well, especially when particles with arbitrary symmetry and only
the orientation average is desired. This method is also known as the T-Matrix method [37]. The
intersection between the shaped beam and the particles, which is a more common situation for
the practical usage, has been addressed in numerous studies [13] [63] [33]. When the particle is
homogeneous and with a smooth surface and large size parameter, geometric optics methods can be
used [48] [61] [62] [57] [55]. These various methods for the computation of light scattering, many of
which are used in the present study, will be briefly introduced in the following subsections.
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2.2.1 Lorenz-Mie theory
The German physicist Gustav Mie gave an exact analytical solution for the scattering of a plane
wave by a homogeneous sphere. The idea is to solve Maxwell’s equations in a spherical coordinate
system by using the variable separation method [36]. Details of the solution can be found in [5];
here only a short introduction of the solution is given. The time dependent harmonic electric field
E satisfies the vector wave function, when it propagates in a linear, isotropic and homogeneous
medium, as the following equation prescribes [37].
∇2E + k2E = 0 (2.4)
where k is the wave number and equal to ω√εµ, and ω is the angular frequency of the electric field,
ε is the permittivity and µ is the magnetic permeability. However, this does not mean that the
single component of E satisfies the scalar wave function. Solving this vector wave function can be
changed into solving a scalar wave function by constructing a vector function M = ∇× (cΨ), in
which Ψ is a scalar function, c is constant vector and M is divergence free and satisfies the vector
wave function. Using vector identities, the following equation can be obtained.
∇2M + k2M = ∇× [c(∇2Ψ + k2Ψ)] (2.5)
Finding the solution M for the vector wave function is replaced by finding the solution for the scalar
wave function Ψ. An equation for the scalar wave function in spherical coordinates is given as
1
r2
∂
∂r
(r2∂Ψ
∂r
) + 1
r2 sin θ
∂
∂θ
(sin θ∂Ψ
∂θ
) + 1
r2 sin θ
∂2Ψ
∂φ2
+ k2Ψ = 0 (2.6)
Using the separation of variables a solution in the following form is postulated.
Ψ(r, θ, φ) = R(r)Y (θ, φ) = R(r)Θ(θ)Φ(φ) (2.7)
Here Y (θ, φ) is the solution of the Laplace function of the angular part in a spherical coordinate
system, known as spherical harmonics. The spherical harmonic function is a set of orthogonal
basic functions defined on the surface of a sphere; therefore, any function defined on the surface of
the sphere can be expressed with spherical harmonics. Substituting Eq. (2.7) into Eq. (2.6), the
following equations can be obtained
d2Φ
dφ2
+m2cφ = 0 (2.8)
1
sin θ
d
dθ
(sin θdΘ
dθ
) + [nc(nc + 1)−
m2c
sin2θ ]Θ = 0 (2.9)
d
dr
(r2dR
dr
) + [k2r2 − nc(nc + 1)]R = 0 (2.10)
in which the separation constants mc and nc can be determined by subsidiary conditions that ψ must
satisfy. The Eqs. (2.9) and (2.10) are the Legendre equation and the Bessel differential equation
respectively, whose solutions are the associated Legendre functions and the Bessel functions. Then
the generating function ψ that satisfies the scalar wave function can be constructed. By using the
same procedure, the scalar wave function for the magnetic field H can also be constructed.
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The incident plane wave is expanded using vector spherical harmonics, as well as the scattered
field. The solution is then obtained by invoking the following boundary condition and utilizing the
orthogonality of the vector harmonics.
n× (Eincident + Escattered −Einside) = 0 (2.11)
n× (Hincident + Hscattered −Hinside) = 0 (2.12)
The general solution of the scattered electric field is given in the form of an infinite series, as the
following equations describe.
S1(α,m, θ) =
∞∑
n=1
2n+ 1
n(n+ 1)[an(α,m)πn(cos(θ)) + bn(α,m)τn(cos(θ))] (2.13)
S2(α,m, θ) =
∞∑
n=1
2n+ 1
n(n+ 1)[an(α,m)τn(cos(θ)) + bn(α,m)πn(cos(θ))] (2.14)
in which an and bn are scattering coefficient; πn and τn are related through Legendre polynomials
defined as follows
πn =
P 1n
sin(θ) (2.15)
τn = cos θπn(cos θ)− (1− cos θ2)
dπn(cos θ)
d cos θ (2.16)
an =
mψn(mx)ψ
′
n(x)− ψn(x)ψ
′
n(mx)
mψn(mx)ζ ′n(x)− ζn(x)ψ
′
n(mx)
(2.17)
bn =
mψn(x)ψ
′
n(mx)− ψn(mx)ψ
′
n(x)
mζn(x)ψ′n(mx)− ψn(mx)ζ
′
n(x)
(2.18)
Although with the Lorenz-Mie theory the incident wave is limited to a monochromatic wave
with arbitrary polarization, an arbitrary field can be viewed as the superposition of numerous
monochromatic fields using a Fourier decomposition [1]. Therefore, for an arbitrary wave that is
incident on a homogeneous spherical particle, the solution for its light scattering can be obtained by
superimposing the solution from single Fourier components of the arbitrary incident field [5].
2.2.2 Debye series decomposition
Peter Debye solved the Maxwell’s equations, for a plane wave incident on a homogeneous infinite
long cylinder, which is known as the Debye series decomposition [8]. Debye theory provides further
physical insight into the light scattering problem. The scattering coefficients an and bn in the
Lorenz-Mie theory can be expressed using the Debye series decomposition [30] [54].
an =
1
2[1−R
212
n,TM −
∞∑
p=1
T 21n,TMT
12
n,TM
1−R121n,TM
] (2.19)
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bn =
1
2[1−R
212
n,TE −
∞∑
p=1
T 21n,TET
12
n,TE
1−R121n,TE
] (2.20)
in which R212n and R121n are the coefficients for reflection of the partial-wave and T 21n ; T 12n are the
coefficient for transmission of partial-wave; the subscript TE and TM refer to the transverse electric
wave and transverse magnetic wave respectively. These coefficients are formulated with Eqs. (2.21) -
(2.24)[30].
T 12n = −
2i
D1n
(2.21)
T 12n = −
m1
m2
2i
D1n
(2.22)
R212n = −
αξ
(2)′
n (m2ka)ξ(2)n (m1ka)− βξ(2)n (m2ka)ξ(2)
′
n (m1ka)
D1n
(2.23)
R121n = −
αξ
(1)′
n (m2ka)ξ(1)n (m1ka)− βξ(1)n (m2ka)ξ(1)
′
n (m1ka)
D1n
(2.24)
in which ξ(1)n and ξ(2)n are the Riccati-Bessel functions and Dn is given by Eq. (2.25).
Dn = −αξ(1)
′
n (m2ka)ξ(2)n (m1ka) + βξ(1)n (m2ka)ξ(2)
′
n (m1ka) (2.25)
α =
{
1 TE wave
m1
m2
TM wave
(2.26)
β =
{
m1
m2
TE wave
1 TM wave
(2.27)
Eqs. (2.19) and (2.20) can be rewritten as
an =
1
2[1−R
212
n,TM −
∞∑
p=1
T 21n,TM (R121n,TM )p−1 T 12n,TM ] (2.28)
bn =
1
2[1−R
212
n,TE −
∞∑
p=1
T 21n,TE (R121n,TE)p−1 T 12n,TE ] (2.29)
in right hand side of Eqs. (2.28) and (2.29), the physical meaning of the three terms are the
diffraction around the particle, the outgoing waves reflected from the particle surface and the sum
of outgoing waves after p− 1 internal reflections respectively, as Fig. 2.2 illustrates.
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Figure 2.2: Illustration for Debye series decomposition.
2.2.3 Discrete dipole approximation
The Discrete Dipole Approximation method, also known as DDA, is a common method to study
electromagnetic scattering and absorption of a particle of arbitrary shape and composition. It
was originally developed to study interstellar light scattering by Purcell and Pennypacker [44].
Several DDA codes were developed, such as the DDSCAT by Draine et al. [9], which is written in
Fortran and ADDA by Yurkin et al., which is written in C [72]. The basic idea of DDA is based
on the physical principle that matter is composed of electrons and protons. When matter is in an
electric field, the positive charges and the negative charges become polarized. Then the matter
is equivalent to many electric dipoles, polarized in the electric field, as Fig. 2.3 illustrates. Then
the total scattered field can be obtained by superposition of the scattered vector field from the
individual dipoles.
By introducing a volume current density Jr, the vector Helmholtz Eq. (2.4) can be rewritten as
(∇×∇× I− k2)E(r) = iωµ0J(r) (2.30)
J(r) =
{
−iωε0[εr(r)− 1]E(r) : r ∈ Vinternal
0 : r ∈ Vexternal
(2.31)
in which I is the identity dyadic, ε0 is the vacuum permittivity, εr(r) is the relative permittivity and
J(r) is the volume current density. This linear inhomogeneous differential equation can be solved
by adding the solution of the solution for the homogeneous equation when the right-hand side of
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Figure 2.3: Polarization of material by an electric field to create dipoles throughout the matter.
the Eq. (2.30) is 0 and a particular solution of this inhomogeneous equation. The homogeneous
equation describes the electric field in free space when matter is absent; and the particular solution
of Eq. (2.30) corresponds to the scattered electric field by the matter. A standard technique to
find the solution is to use Green’s function and the Dirac delta function. Green’s function has the
following property, which can be expressed by [74]
(∇×∇× I− k2)G0(r, r′) = Iδ3(r− r′) (2.32)
Green’s function in Eq. (2.32) can be analytically expressed as
G0(r, r′) = [I +
1
k0
∇∇]exp(ik0|r− r
′|)
4π|r− r′| (2.33)
By using Green’s function, the solution of Eq. (2.30) can be written as
E(r) = Eincident(r) + iωµ0
∫
Vinternal
d3r′G0(r, r′)J(r) (2.34)
in which Eincident(r) is the incident electric field. Eq. (2.34) can be evaluated numerically by
discretizing the interior region of the matter into N cells, as Fig. 2.4 illustrates.
Figure 2.4: Discretisation of a sphere using the DDA method. The left part is a sphere with the diameter
of 10 µm; the right part shows the discretisation of the sphere.
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The discretisation leads to a reformulation of Eq. (2.34) [23].
E(r)− iωµ0
∫
Vm
d3r′G0(r, r′)J(r) = Eincident(r) + iωµ0
N∑
k=1k 6=m
∫
Vk
d3r′G0(r, r′)J(r) (2.35)
The right-hand side of Eq. (2.35) can be physically treated as the excited electric field Eexcited
throughout the volume Vm by the incident electric field and the contributions from all the other
cells Vk. By invoking the long-wave approximation, Eq. (2.35) can be further converted into a set of
simultaneous algebraic equations that are solved using standard procedures.
Eincidenti = Eexcitedi −
∑
i 6=j
GijαijEexcitedj (2.36)
where αij is the polarization tensor[73]. A review about the calculation of αij has been given by
Yurkin and Hoekstra [72].
Fig. 2.5 shows the scattering diagram of a sphere, computed with the Lorenz-Mie theory and
the DDA method respectively. Comparing these two scattering diagrams, the agreement in the
forward direction is excellent and only small deviations can be observed in the direction of backward
scattering.
Figure 2.5: Comparison of the scattering diagram of a spherical particle illuminated by a plane wave for
parallel polarization by using the Lorenz-Mie theory and the DDA method. The results for DDA method
were obtained using the ADDA code. [72] (Refractive index of medium is 1, refractive index of particle is
1.4, size of particle 2.5µm, wavelength of the plane wave 405 nm)
2.2.4 Ray-tracing technique
For particles with a large size parameter and a smooth surface, a complete electromagnetic description
of the scattering is computationally time consuming; the ray-tracing method then provides a faster
approach to obtain the light scattering properties of particles. Numerous studies have been conducted
for improving the ray-tracing technique. In the study from Hovenac and Lock [16], forward diffraction
has been taken into consideration; in Yang and Liou’s integral geometrical optics model, the ray-
tracing technique has been combined with electromagnetic wave method to solve the near field
and far field of the light scattering from ice crystals [66]; in the vector complex ray model from
Ren et al. [48], the divergence of a ray bundle has been considered. One direct comparison of the
geometrical optics approach and optical measurements of arbitrarily shaped particles was published
by Stegmann and Tropea. [57]
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When the incident beam is not a plane wave, it can be expanded as the sum of many individual
plane waves using a Fourier decomposition. Therefore, only the plane wave will be discussed here.
The ray-tracing method treats the light source as a bundle of light rays. Each ray is specified with
an amplitude Aq, phase ψq and propagation direction ki, as Eq. (2.37) describes.
E = Aqµ exp(−iψq)ki (2.37)
The polarization state of the light rays is described with the Stokes vector S. When the light
ray intersects with matter, at the intersection boundary it will be reflected and transmitted. The
reflection and the transmission follows the Fresnel’s equation and Snell’s law [14]; an alternative way
is to track the Stokes vector by multiplying the Mueller matrix and the rotation matrix [29], which
will be discussed in Chapter 3 in more detail. Fig. 2.6 illustrates the reflection and transmission of
the electromagnetic wave at an intersection boundary for different polarization states. Fig. 2.7 shows
Figure 2.6: Sketch of reflection and refraction at an intersection boundary for different polarization of the
electromagnetic wave.
the scattering diagram of a water drop with a diameter of 800 µm, computed using the Lorenz-Mie
theory and the three-dimensional ray-tracing technique respectively. Fig. 2.8 shows the scattering
diagram for the first four scattering orders, computed with the Debye series decomposition and the
ray-tracing technique respectively. For particles with a large size parameter, the scattering diagrams
computed with the ray-tracing technique exhibit very good agreement with the Lorenz-Mie theory.
Figure 2.7: Comparison of parallel polarized scattering diagrams from Lorenz-Mie theory and geometrical
optics for a sphere. The results for Debye series decomposition and the ray-tracing method from Young
were obtained using the MiePlot software [25]. (DDrop = 800 µm, nt = 1.33, λ = 0.6328 µm). Reproduced
from [28].
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Figure 2.8: Comparison of parallel polarized scattering diagrams from Debye series decomposition, ray-
tracing method from Young and geometrical optics for a sphere. The results for Debye series decomposition
and the ray-tracing method from Young were obtained using the MiePlot software [25]. (DDrop=800 µm,
nt = 1.33, λ = 0.6328 µm). Reproduced from [28].
Figure 2.9: Comparison of orthogonal polarized scattering diagrams from Debye Series and geometric optic
for a sphere. Black line and blue line represents the scattering diagram from the Debye Series and geometric
optic separately for different scattering orders. (DDrop = 40 µm, nt = 1.33, λ = 0.6328 µm)
19
2 Simulation methods for the light scattering by particle
Figure 2.10: Comparison of parallel polarized scattering diagrams from Debye Series (DS), geometric optics
(GO) and Young theory (Y) for a sphere. The black line and blue line represent the scattering diagram
from the Debye Series and geometric optic separately for different scattering orders. (DDrop = 40 µm, nt
= 1.33, λ = 0.6328 µm)
As the Figs. 2.8 and 2.9 depict, when the size parameter of the particle increases, the agreement
between the results from geometric optics and the Lorenz-Mie theory becomes better.
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inclusions
This chapter deals with the simulation of light scattering from complex particles. The simulations
were carried out for drop with an embedded spherical flake, drop with an embedded spherical
particle and for drop with multiple nanoparticle inclusions.
3.1 Light scattering from a drop with an embedded particle
This part of the study is devoted to light scattering from drops with an embedded particle, as would
be expected in an encapsulation/coating process or with spraying of metallic paints. A ray-tracing
approach is taken, in which the polarization and intensity of all rays impinging onto a defined
detector aperture are documented, allowing the signal generation arising from the drop passing
through a plane wave or focused Gaussian beam to be simulated. The geometric situation considered
is that of a spherical drop with a single embedded spherical particle or flake, situated arbitrarily in
the drop. It will be assumed that any rays intersecting the embedded particle are fully reflected at
the interface. Parts of this work have been published in the article "Light scattering from a drop
with an embedded particle and its exploitation in the time-shift technique" (Journal of Quantitative
Spectroscopy and Radiative Transfer, 227, 20-31) [28])
Overview of algorithm
The input parameters to the code include the above-mentioned parameters of the incident beam,
the geometric parameters of the drop and embedded particle, and the relative refractive index
between medium and drop, nt. Furthermore, the number of scattering orders to be computed must
be specified. The drop is described by the generalized ellipsoidal form:
x2
a2
+ y
2
b2
+ z
2
c2
= 1 (3.1)
in which, the a, b and c are the half-axes of the ellipsoid. Similarly, the embedded particle is also
described using the general ellipsoidal form, albeit with a possible offset within the drop (x0, y0, z0),
the center of the drop being the origin of the coordinate system:
(x− x0)2
R2x
+ (y − y0)
2
R2y
+ (z − z0)
2
R2z
= 1 (3.2)
Although the algorithm is capable of accepting ellipsoidal drops and particles with arbitrary
orientation with respect to the incident beam, the present study is restricted to spherical geometries
for the main drop and for the embedded particles, i.e. a = b = c,Rx = Ry = Rz. Furthermore, the
drops and flakes are aligned such that the drop centered x axis coincides with the beam X axis.
The first step determines which of the initial rays intersect with the drop. If intersection occurs,
the intersection coordinate is determined and is used as the basis for the normal vector n , the
incident angle θi, reflected angle θr and refracted (transmitted) angle θt. The coordinate of the
intersection points from each scattering order of each ray are saved in a cell, which is a data type in
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Matlab. When the ray impinges on the outer drop surface, the amplitudes of the electric field of
the reflected ray and refracted ray are given by the Fresnel equations, whereby the incident electric
field amplitude Ei is decomposed into two parts: Epi, which is parallel to the plane of incidence,
and Eoi, which is orthogonal to the plane of incidence.
Ei = Epi + Eoi (3.3)
Eoi =
Ei · (n× ki)
(|n× ki|)2
· (n× ki) (3.4)
Epi = Ei −Eoi (3.5)
These two decomposed vectors are then used to compute the parallel (p) and perpendicular (o)
electric fields for transmitted and reflected light, respectively, using the Fresnel amplitude coefficients
Epr = Epi ∗ r|| (3.6)
Ept = Epi ∗ t|| (3.7)
Eor = Eoi ∗ r⊥ (3.8)
Eot = Eoi ∗ t⊥ (3.9)
Er = Epr + Eor (3.10)
Et = Ept + Eot (3.11)
In the plane of incidence, measured in the clockwise direction, the rotation angle of the reflected ray
and transmitted ray are given by:
θrotr = π + 2θi (3.12)
θrott = |θi − θt| (3.13)
For the ray with parallel polarization, after using the Fresnel equation to calculate the amplitude of
the reflected and transmitted electric field, rotation is needed to obtain the vector of the reflected
electric field and transmitted electric field. The 3D rotation is based on the Rodrigues’ rotation
formula [2]
Vrot = V cos θ + (DRA ×V) sin θ + DRA(DRA ·V)(1− cos θ) (3.14)
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V is the vector to be rotated; Vector DRA is the unit vector that describes the rotation axis. It is
the cross product of any two unit non-zero vectors Ai and Bi in the plane of rotation.
DRA =
Ai ×Bi
|Ai ×Bi|
(3.15)
For the computation of the first scattering order, the code checks whether the transmitted ray
impinges onto the embedded particle; for subsequent scattering orders, the code checks whether the
(internally) reflected ray again impinges onto the embedded particle. For rays reflected from the
embedded particle, the amplitude of the electric field remains the same after reflection.
For each ray, the computation for one scattering order is followed by the computation for the next
scattering order, based on the computational results up to that stage. This process is repeated until
the computation of all prescribed scattering orders of all rays is complete. The scattered intensity is
the intensity sum of all rays impinging onto the detector surface. All rays are treated completely
incoherent, and the intensity of individual rays is first computed. If M stands for the number of the
rays which falls onto the prescribed detector aperture, the total received intensity is given by
Ik =
clnε0
2 |Ek|
2 (3.16)
Itotal(θi, φi) =
M∑
k=1
Ik (3.17)
in which cl is the speed of the light in vacuum, n is the refractive index and ε0 is the permittivity in
vacuum.
3.1.1 Scattering diagrams for a drop with an embedded spherical particle
Following the validation of the ray-tracing code, scattering diagrams for a drop with an embedded
particle have been computed. First an embedded spherical particle will be examined, followed by
an embedded circular flake. In the scope of the geometric optics, the size of the drop will have no
influence on the computed scattering diagrams or later on the simulated signals generated by a
time-shift optical configuration, other than through the scattered intensity; therefore, all geometric
dimensions are scaled to the drop diameter to achieve a more universal representation of the results,
including the relative position (x0, y0, z0) of the embedded spherical particle or circular flake.
D∗P =
DParticle
DDrop
(3.18)
D∗F =
DFlake
DDrop
(3.19)
ψ = (x0, y0, z0)
DDrop
(3.20)
The scattered light from a drop of diameter DDrop with a spherical particle of diameter DParticle
centered and embedded in the drop has been simulated for a plane incident wave and for s polarization.
The scattering plane is the YZ plane, as defined in Fig. 3.1
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Figure 3.1: s polarized plane wave incident on a drop with an embedded spherical particle. Definition of
coordinate system.
In the first set of simulations D∗P is changed from 0 (no particle case for comparison) to 0.45,
leaving the particle in the centre of the drop. Figure 3.2 shows the simulation results, indicating
that scattering in the forward direction is significantly affected. The scattered light from first-order
refraction in the forward direction has been blocked by the embedded particle and the blocking
effect increases with embedded particle size. Nevertheless, the rainbow could still be captured. This
interpretation is confirmed by examining the scattering diagram for first-order refraction only, as is
shown in 3.3.
Figure 3.2: Simulation results by changing diameter of particle. (nt = 1.33). Reproduced from [28].
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Figure 3.3: Scattering diagram for first-order refraction and varying the diameter of the embedded particle.
(nt = 1.33). Reproduced from [28].
Figure 3.4: Simulation results by varying the position of embedded particle on the Y-axis. (nt = 1.33).
Reproduced from [28].
Clearly the first-order refraction is the scattering order being affected by the embedded particle in
the forward direction (compare to the result without a particle inside, D∗P = 0). However, a uniform
backward scattering level is also obtained. This backward scattering arises from light reflecting off
the surface of the embedded particle and could be useful for detecting an embedded particle. The
results obtained by changing the position of the particle along the Y-axis are shown in Fig. 3.4. This
figure shows that by changing the y position of the embedded particle, also the forward scattering
is affected, since the blocking effect of first-order refraction will depend on the particle position.
As before, a uniform backscatter intensity is obtained. Fig. 3.5 shows the simulation results when
changing the z position of the embedded particle. Compared with the results shown in Fig. 3.4, the
scattering exhibits less sensitivity to position changes in the z direction.
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Figure 3.5: Simulation results by varying the position of embedded particle on the Z-axis. (nt = 1.33).
Reproduced from [28].
3.1.2 Scattering diagrams for drop with embedded flake
A flake inside the drop is treated as a flat disc, with the flake center at some (x, y, z) coordinate,
with dimensionless diameter D∗Flake and the surface normal n. The surface normal is a vector with
the zenith angle α and azimuthal angle β, as shown in Fig. 3.6.
Figure 3.6: Description of the normal vector of the flake in a Cartesian coordinate system. (scattering plane:
YZ plane). Reproduced from [28].
Using the zenith angle and azimuthal angles, the normal vector of the flake can be described as
[59]:
n =
n1n2
n3
 =
ex · n1ey · n2
ez · n3
 =
sinα · cosβsinα · sin β
cosα
 (3.21)
26
3.1 Light scattering from a drop with an embedded particle
To analyse the effect of the flake on the scattering diagram under the p polarized plane wave, the
scattered intensity has been normalized and plotted together with the results without a flake and
compared to the Lorenz–Mie solution with Debye series decomposition. Such a comparison is shown
in Fig. 3.7 for the reflection scattering order. As expected, the embedded flake does not influence
the scattering through reflection and the geometric optics solution does not include diffraction in
forward scatter.
Figure 3.7: Comparison of the reflection scattering order (p=0) for the parameters: D∗F = 0.60, ψ = [0, 0,
0], α = 0 deg, β = 0 deg, nt = 1.33. Reproduced from [28].
A similar comparison for the same drop is given in Fig. 3.8 for first-order refraction. The scattering
diagram indicates that the flake now blocks some of the light in forward scattering; the blocking
angle is indicated in Fig. 3.9. Additional light is scattered in the backward direction; this light
comes from reflection off the surface of the flake.
Figure 3.8: First-order refraction scattering: comparison of Lorenz-Mie solution, ray tracing without flake,
ray tracing with flake: D∗F = 0.60, ψ = [0, 0, 0], α = 0 deg , β = 0 deg, nt = 1.33. Reproduced from [28].
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Figure 3.9: Disk positioned inside the drop can block the transmission of first-order refractive rays: D∗F =
0.60, ψ = [0, 0, 0], α = 0 deg, β = 0 deg, nt = 1.33. Reproduced from [28].
The blocking angle θb of first-order refraction in the forward direction, as depicted in figure 3.9,
can be analytically expressed using the equations:
r
sin θt
= Rsin(0.5 ∗ π + sin−1(sin θt ∗ nt)− θt)
(3.22)
θb = 2 ∗ (θi − θt) (3.23)
The same comparison is shown in Fig. 3.10 for scattering of second-order refraction. In this case,
the high intensity of the rainbow is properly captured; however, additional light is now found in
the forward direction, again coming from reflection off the surface of the flake, as explained in
Fig. 3.11(a). In Fig. 3.11, the black line with arrows represents the ray path inside the drop; the
dashed line shows the imaginary ray path when the drop does not contain a flake. For rays in which
only one reflection from the flake occurs (Fig. 3.11(a)), the light exits in the forward direction and
this is the intensity observed in Fig. 3.10 in the angular region ca. 30–40 deg. However, if the ray
reflects twice from the embedded flake, as shown in Fig. 3.11(b), then the exiting ray contributes to
the backscatter intensity. It is evident that the ray path and the imaginary ray path, shown by the
dashed line, share the same exit point and exit the drop with the same angle as for second-order
scattering; therefore, the backward scattering from the second-order refraction does not change
much, as Fig. 3.10 illustrates.
28
3.1 Light scattering from a drop with an embedded particle
Figure 3.10: Comparison of second-order refraction scattering (p=2) for the parameters: D∗F = 0.60, ψ =
[0, 0, 0], α = 0 deg, β = 0 deg, nt = 1.33. Reproduced from [28].
Figure 3.11: Ray path for second-order refraction scattering (a) Ray path for forward scattering (b) Ray
path for backward scattering: D∗F=0.60, ψ = [0, 0, 0], α = 0 deg, β = 0 deg, nt = 1.33. Reproduced from
[28].
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Figure 3.12: Scattering diagram for the second-order refraction scattering by varying the zenith angle: D∗F
= 0.60, ψ = [0, 0, 0], β = 0 deg, nt = 1.33. Reproduced from [28].
The previous results were obtained using a flake azimuthal angle of 0 deg and a zenith angle of
0 deg. In the following, the azimuthal angle remains at 0 deg, but the zenith angle varies from 30 deg
to 90 deg with an interval of 30 deg. The embedded flake does not affect the reflection of the drop;
therefore, the reflection intensity at 0 deg scattering angle has been used as reference to normalize
the scattering intensity from the second-order scattering. This normalized second-order scattering
for different zenith angles has been plotted in Fig. 3.12, whereby only the backscatter region is
shown, since this will be the more interesting region for application to the time-shift technique. The
scattering intensity in the backscatter direction near the rainbow is almost unaffected by the flake.
This is because most incident rays intersect with the flake twice as shown in Fig. 3.11(b).
Further scattering diagrams have been computed for zenith and azimuthal angles of 0 deg but
varying the size of the flake. D∗F is varied from 0.20 to 0.60 with intervals of 0.20. Fig. 3.13
shows the scattering diagram for first-order refraction scattering. As expected, when the flake
size becomes larger, the blocking angle of the first- order scattering also becomes larger and the
backward scattering becomes stronger, because of total reflection from the flake.
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Figure 3.13: Comparison for the first-order scattering for varying D∗F : ψ = [0, 0, 0], α = 0 deg, β = 0 deg,
nt = 1.33. Reproduced from [28].
Figure 3.14: Comparison for the second-order scattering for varying D∗F : ψ = [0, 0, 0], α = 0 deg, β =
0 deg, nt = 1.33. Reproduced from [28].
Fig. 3.14 shows the scattering diagram for second-order refraction scattering. For second-order
scattering, as the flake size increases the scattered intensity in backscatter does not change much,
the reason is that most rays intersect with the flake twice, so the rays share the same exit point and
exit the drop with same angle as if no flake exists. However, changing the flake size will affect the
forward scattering of the second-order scattering, since this directly affects to what extent first-order
refraction is blocked by the flake.
The scattering diagram for single scattering orders by varying the azimuthal angle is shown in
Fig. 3.15, while keeping the zenith angle constant. The scattering diagrams for different azimuthal
angles overlap with each other, so the scattering amplitude does not change when the zenith angle
is constant at 90 deg and only the azimuthal angle varies.
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Figure 3.15: Scattering diagrams for single scattering order by varying azimuthal angle of the normal vector
of the flake: D∗F = 0.60, ψ = [0, 0, 0], β = 0 deg, nt = 1.33. Reproduced from [28].
3.2 Polarized Monte Carlo ray-tracing method for simulation the
light scattering of colloidal drop
Light can be considered both a wave and a particle. When light is treated as particle, a light ray
transissions within the colloidal drop is a radiative transfer problem and can be described with the
radiative transfer equation. The radiative transfer equation is written as [31] [75]
~S · ∇I(~x, ~S) = −µextI(~x, ~S) + µsca
∫
Ω
I(~x, ~Si)P (~x, ~S, ~Si)dΩ(~S) (3.24)
in which the ~S is the vector for the scattered direction; ~Si is the vector for the incident direction;
x is the scattering point. Therefore, by integration of Eq. (3.24), the intensity scattered in the
direction ~S at the scattering point x is formulated as
I( ~x0, ~S0) = ttrans( ~x0, ~u0)I( ~u0, ~S0)+
∫ ~x0
~u0
d ~x1ttrans( ~x0, ~x1)β( ~x1)
∫
Ω
I( ~x1, ~S1)P ( ~x1, ~S0, ~S1)dΩ( ~S1)
(3.25)
in which ttrans is the transmittance of the medium between the points ~x′ and ~x and is given as
ttrans(~x, ~x′) = exp [−lop(~x, ~x′)] (3.26)
in which lop is formulated as
−lop(~x, ~x′) =
∫ ~x
~x′
d ~x′′µext( ~x′′) (3.27)
For multiple scattering within the colloidal drop, the solution of Eq. (3.25) can be obtained through
iteration. The radiative transfer equation can be solved indirectly by using the Monte Carlo method,
which simulates the radiative transfer processes [41][75]. The Monte-Carlo ray-tracing method,
which combines the geometric optic method and the Lorenz-Mie theory, has been used to simulate
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light scattering when the host particle contains multiple nanoparticle inclusions with a uniform
size distribution. This approach was derived from Monte-Carlo methods used in radiative transfer
problems, such as the lidar satellite observation problem discussed by Stegmann et al [56]. The
Lorenz-Mie theory has been used to compute the phase function of the nanoparticle inclusions
within the host drop. Parts of this section have been published in the article "Simulation of light
scattering from a colloidal drop using a polarized Monte Carlo method: application to the time-shift
technique".[29].
The optical mean free path
The optical mean free path E(L) has been introduced to simulate the light scattering of the turbid
medium. The optical mean free path describes the average distance travelled by a light ray between
successive interactions with the inclusions. Besides the optical mean free path, the equivalent
designations "optical mean path length" and the "transport mean free path" are also sometimes used
when describing the optical properties of the turbid medium. The transport mean free path length
refers to the mean distance, after which the direction of photon becomes random. As an example, the
three solutions pictured in Fig. 3.16 have the same volume concentration of nanoparticles (inclusions);
however, the size of the nanoparticles differ: from left to right the sizes are 30 nm, 200 nm and
600 nm. Since the extinction efficiency factor is dependent on the size of the nanoparticles, the
three solutions exhibit different optical mean free paths. The optical mean free path for these three
different solutions from left to right are 31510.46 µm, 315.06 µm and 105.78 µm respectively, which
are much larger than the wavelength of the incident beam of a time-shift instrument. Therefore,
the propagation of the light ray in the solution can be considered as independent or incoherent.
Figure 3.16: Three solutions containing polystyrene nanoparticles of different sizes. The volume concentration
of the nanoparticles in the solutions are 0.14%. The diameter of the nanoparticles within the solutions,
from left to right are: 30 nm, 200 nm and 600 nm.
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Because of the importance of the optical mean free path for the simulation of the light scattering
from colloidal drops, a derivation of this parameter will be given. The change of intensity after the
photon travelling a distance ds satisfies the Eq. (3.28).
dI = −µeIds (3.28)
where I is the intensity of the incoming light; µe is the extinction coefficient of the medium, which
has the units m−1; µa and µs are the absorption and scattering coefficients respectively; they satisfy
the relationship
µe = µa + µs (3.29)
Integrating both sides of Eq. (3.28) yields
ln I
I0
= −µes (3.30)
I
I0
= e−µes (3.31)
As Eq. (3.31) indicates, the intensity of the light decays e−1 after travelling the distance µ−1e . The
probability that the photon is absorbed or scattered between the path s and s+ ds is given as
dP (s) = I(s)− I(s+ ds)
I0
= 1
µe
e−µesds (3.32)
The average value of the free path length can be written as
〈s〉 =
∫ ∞
0
sdP (s) = 1
µe
(3.33)
Therefore, the optical mean free path is written as
E(L) = 〈s〉 = 1
µe
(3.34)
which is simply the inverse of the extinction coefficient.
Geometric model of the colloidal drop
In the following subsection a description of how a colloidal drop is mathematically represented
will be presented. The spherical host drop has a diameter of D and the colloidal particles within
have a uniform diameter of d, as pictured in Fig. 3.17. The volume of the drop and the particles
are denoted VD and VP respectively. The extinction cross-section σe of the embedded particles is
Qextπd
2/4, whereby Qext is the extinction efficiency factor. The refractive indices of the surrounding
medium, drop and the colloid particles are n1, n2 and n3 respectively. The colloidal particles are
randomly distributed in space within the drop.
For packed multi-spherical particle systems, the extinction coefficient is given as
µe = Nσe = NQextπr2 (3.35)
where N is the number density of the colloidal particles, obtained using
N = Cv × VD
VP × VD
= 3Cv4πr3 (3.36)
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whereby Cv is the volume fraction of the colloidal particles in the drop. The optical mean free path
can then be formulated as [35]
E(L) = 1
µe
= Vp
Cv · σe
= 4r3CvQext
(3.37)
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Figure 3.17: Drop with diameter D containing colloidal particles with diameter of d. The refractive indices
of medium, drop and colloidal particles are n1, n2 and n3 respectively.
When the volume concentration is lower than 3% the colloidal drop can be treated as a dilute
system. The optical mean free path is used to characterize the colloidal concentration, because the
attenuation of the rays transmitted through the drop obey the Lambert-Beer relation, which is used
later in Chapter 4 to characterize the signal attenuation for second-order refraction scattering when
the colloidal concentration is low.
Light ray intersects with drop interface
The incident beam is treated as a very large number of light rays, as in [28] [57]. The polarization
state of individual light rays is specified with the Stokes vector S, given in Eq. (3.38) [59]. The
propagation direction of the light rays is also specified, which can account for Gaussian beam
properties, e.g. divergence. Nevertheless, since the measurement volume of the time-shift instrument
is in the Rayleigh range of the Gaussian beam, the propagation direction of all light rays has been
kept constant in the present study.
The Stokes vector is tracked during its propagation at each scattering event. After a scattering
event, the light ray is scattered from the propagation direction k to a new direction k′, as depicted
in Fig. 3.18. The scattered Stokes vector is updated by multiplication of the rotation matrix R(φ)
and the Mueller matrix M(θ), according to
S =

I = E||E∗|| + E⊥E∗⊥
Q = E||E∗|| −E⊥E∗⊥
U = E||E∗⊥ + E||E∗⊥
V = i(E||E∗⊥ −E||E∗⊥)
(3.38)
35
3 Simulation of light scattering by particles with inclusions
Ssra(θ, φ) = M(θ) ·R(φ) · Si (3.39)
The rotation matrix R(φ) transforms the polarization state to a new incident reference frame and
is written as
R(φ) =

1 0 0 0
0 cos 2φ − sin 2φ 0
0 sin 2φ cos 2φ 0
0 0 0 1
 (3.40)
Figure 3.18: Local reference coordinate system and rotation that depicts the new propagation direction of
the light ray. Reprinted with permission from [29] © The Optical Society.
The light scattering from the colloid suspension drop is simulated using a Monte Carlo ray-tracing
method based on a combination of geometrical optics and Lorenz-Mie theory [6] [36] [42] [49] [52].
Light scattering at the interface between the drop and the surrounding medium is dealt with using
the Fresnel equations and Snell’s law [48] [70]; for the ray-tracing method used in [48], the curvature
of the wave front is also considered. For tracking of the light ray path after a scattering event with
a colloidal particle, the rejection sampling is used for the scattering angle sampling [17] [19] [24]
[45] [46] [64]. The generation of the polar deflection angle and the azimuthal angle will be discussed
later.
When the light ray intersects with the drop surface, the amplitude of the electric field of the
reflected ray and transmitted ray is calculated using the Fresnel equations and Snell’s law. The
computational procedure can follow either a vector decomposition, as in [28] [70], or by multiplying
the Stokes vector with the Fresnel equations, which should be in the form of the Mueller-Stokes
matrix. The Mueller-Stokes matrix at the dielectric surface is described well in the literature;
however, it does not consider the case of total internal reflection. Here the Mueller matrix at the
dielectric surface is derived with consideration of the total internal reflection, to update the Stokes
vector.
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By treating the incident electric field and the scattered electric field separately, the scattering is
described in matrix form [59](
Es||
Es⊥
)
= exp[i · k · (R− z)]
−i · k ·R
· S ·
(
Ei||
Ei⊥
)
(3.41)
in which, R is the radial distance from the scattering particle; and S is called the complex scattering
matrix. It contains the scattering properties of the particle and can be written as
S =
(
A11 A12
A21 A22
)
(3.42)
For spherical drops, the complex scattering matrix is diagonal and the elements A12 and A21 are
zero [18]. For reflection at the drop surface, the reflected electric field for parallel and perpendicular
polarization is written as(
Er||
Er⊥
)
= exp[i · k · (R− z)]
−i · k ·R
·
(
rp 0
0 rs
)
·
(
Ei||
Ei⊥
)
(3.43)
in which rp and rs are the Fresnel coefficients for reflection. In a similar manner, for the transmission,
the transmitted electric field is given by(
Et||
Et⊥
)
= exp[i · k · (R− z)]
−i · k ·R
·
(
tp 0
0 ts
)
·
(
Ei||
Ei⊥
)
(3.44)
in which tp and ts are the Fresnel coefficients for transmission. When total internal reflection occurs,
because the phase shift is no longer 0 or π, the elements of the S can have imaginary parts [4].
Instead of using the complex scattering matrix S, the scattering process is described with the
real Mueller matrix. In the case of spherical drops, only 6 elements in the Mueller matrix are
independent and can be written as
M =

S11 S12 0 0
S12 S22 0 0
0 0 S33 S34
0 0 −S34 S44
 (3.45)
With the solutions from the scattering equations of reflection and transmission Eqns. (3.44) and
(3.45), the elements of the Mueller matrix are formulated as [5]
S11 =
1
2 · (|A11|
2 + |A22|2 + |A21|2 + |A12|2) (3.46)
S12 =
1
2 · (|A11|
2 − |A22|2 + |A21|2 − |A12|2) (3.47)
S22 =
1
2 · (|A11|
2 + |A22|2 − |A21|2 − |A12|2) (3.48)
S33 = Re(A∗11 ·A22 +A12 ·A∗21) (3.49)
S34 = Im(A11 ·A∗22 +A21 ·A∗12) (3.50)
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S44 = Re(A∗11 ·A22 −A12 ·A∗21) (3.51)
This leads to the reflection and the transmission Mueller matrix at the two dielectric interfaces
R =

r2p+r2s
2
r2p−r2s
2 0 0
r2p−r2s
2
r2p+r2s
2 0 0
0 0 Re(r∗p · rs) Im(rp · r∗s)
0 0 −Im(rp · r∗s) Re(r∗p · rs)
 (3.52)
T =

t2p+t2s
2
t2p−t2s
2 0 0
t2p−t2s
2
t2p+t2s
2 0 0
0 0 Re(t∗p · ts) Im(tp · t∗s)
0 0 −Im(tp · t∗s) Re(t∗p · ts)
 (3.53)
R and T are the Mueller matrices for the reflection and transmission at the drop surface respectively.
For the case of a light ray transmitted from an optically dilute medium to an optically denser
medium, the Fresnel coefficients are real and given by [14]
rp =
tan(θi − θt)
tan(θi + θt)
(3.54)
rs = −
sin(θi − θt)
sin(θi + θt)
(3.55)
tp =
2sinθtcosθi
sin(θi + θt)cos(θi − θt)
(3.56)
ts =
2sinθtcosθi
sin(θi + θt)
(3.57)
For this case, the elements S34 and S43 are zero. For the case of a light ray transmitted from an
optically denser medium to an optically less dense medium, the Fresnel coefficients are given by
Eqns. (3.58) and (3.59). When the incident angle θi is larger than the critical angle θc, total internal
reflection occurs. Due to the phase shift of the reflected and transmitted electric field [69] [53],
which can take values other than 0 or π, the Fresnel coefficients will be complex [20]
rp =
cosθi − i ·m ·
√
m2sin2θi − 1
cosθi + i ·m ·
√
m2sin2θi − 1
(3.58)
rs =
mcosθi − i
√
m2sin2θi − 1
mcosθi + i
√
m2sin2θi − 1
(3.59)
in which i is the imaginary number, m = nt/ni, and nt and ni are the refractive indexes of the
optical denser medium and the optical rarer medium respectively. When the incident angle θi is
smaller than the critical angle θc, rp and rs are still real numbers. Hence, the elements S34 and
S43 are zero; however, when the incident angle θi is larger than the critical angle θc, total internal
reflection occurs and rp and rs become complex numbers and the elements S34 and S43 are no longer
zero.
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Light ray intersects with suspended colloidal particles
For the scattering within the drop, a random walk model is utilized to predict the light ray path
[49]. The procedure used follows that described by the flow chart given in Fig. (3.19), which is
similar to the procedures for the Monte Carlo simulation of the light transport in scattering medium
described in [46].
Figure 3.19: Flow chart for using the polarized Monte-Carlo ray-tracing method to simulate the light
scattering of the colloidal drop.
The essential task is to generate the polar deflection angle θ and azimuthal angle φ to yield the
new propagation direction of the light ray after the scattering event between the light ray and the
inclusions within the colloidal drop. The conventional way for the angle sampling is to use the
Henyey-Greenstein phase function (HG phase function) as the probability density function for the
sampling of the polar deflection angle θ; and the sampling for the azimuthal angle φ is treated as
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isotropic. The HG phase function is written as
PHG(θ) =
1
4π (1− g
2)(1 + g2 − 2g cos θ)−
3
2 (3.60)
in which, g is the asymmetric factor and given in Eq. (3.61). The integral of the PHG(θ) over 4π
steradians is unity. For the Monte Carlo simulation, when the scatter is spherical, g is usually
computed using the Lorenz-Mie theory [59]. In the current study the asymmetric factor is computed
using the software MiePlot [25].
g =
∫∫
S
p(θ) · cos θd2Ω (3.61)
The HG function could not be used directly for the angle sampling. For the Monte Carlo simulations
its integral form is required to obtain the cumulative distribution function for θ, which is written as
cos θ =
{
1
2g [1 + g2 − (
1−g2
1−g+2gξ )2], if g 6= 0
2ξ − 1, if g = 0
(3.62)
in which ξ is a random number that is uniformly distributed between 0 and 1. However, using the
HG phase function to predict the new scattering direction is very approximate, as the scattering
pattern of the particle is related to the polarization state of the incident beam; and for using the
HG phase function, the polarization state of the incident beam is not considered. To make the
simulation more precise the Lorenz-Mie phase function is used. The scattered intensity by an
isotropic sphere is a function of θ, φ and the polarization state. Using Eq. (3.39), the scattered
intensity can be expressed as
Isca(θ, φ) = S11 · Ii + S12 · (cos(2φ) ·Qi − sin(2φ) · Ui) (3.63)
As evident from this equation, for polarized beams the scattered intensity exhibits a bivariate
dependence on the angles θ and φ; for the non-polarized beam, whose Stokes vector is [1 0 0 0]T ,
the scattered intensity is then only a function of θ. For this case, the Henyey-Greenstein phase
function can be used to predict the angle θ and the sampling of angle φ can be treated as being
isotropic.
Fig. 3.20 shows the three-dimensional scattered intensity from a colloidal particle, which is
illuminated by plane waves exhibiting vertical linear polarization (s) and right-hand circular
polarization respectively. The intensity is plotted with color on a logarithmic scale. The incident
wave impinges on the particle in the positive z direction. As the figure shows, the polarization state
has a detectable effect on the scattered phase function of the particle, primarily in the backward
direction. This influence of polarization on the time-shift signals can be noticed seen Figs. 3.21 and
3.22. In Fig. 3.21 a comparison of the simulated time-shift signals when the polarization state of
the incident beam are perpendicular and parallel polarized. It indicates that for a pure water drop,
the polarization state of the incident beam has an significant effect on the signal amplitude of the
second-order refraction scattering. In Fig. 3.22 the simulated time-shift signals from a colloidal
drop, when the laser beam is perpendicular and parallel polarized are shown. The time-shift signals
generated by the scattering from the inclusions within the colloidal drop have been illustrated in
Fig. 3.22 as well. The polarization state could also affect the scattering from the inclusions within
the drop.
40
3.2 Polarized Monte Carlo ray-tracing method for simulation the light scattering of colloidal drop
Figure 3.20: Comparison of the scattering phase functions of a colloidal particle illuminated by a plane
wave for different polarization. The scattered intensity is expressed by color on a logarithmic scale. a): the
incident plane wave is linearly polarized with the Stokes vector [1 − 1 0 0]T ; b): the incident plane wave
is circularly polarized with the Stokes vector [1 0 0 1]T . (Refractive index of medium 1.3431, refractive
index of particle 1.6268, size of embedded particles is 320 nm, wavelength of the plane wave 405 nm).
Reprinted with permission from [29] © The Optical Society.
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Figure 3.21: Compare simulated time-shift signals from pure water drop when the polarization states of the
laser beam are perpendicular and parallel polarized.
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Figure 3.22: Comparison of simulated time-shift signals from a colloidal water drop when the polarization
state of the laser beam is perpendicular and parallel polarized. The time-shift signals generated by the
scattering of the inclusions within the colloidal drop are also shown. Reprinted with permission from [29]
© The Optical Society.
The left picture in Fig. 3.20 shows the scattering diagram over the solid angle 4π when the particle
is illuminated by a plane wave with the polarization state [1− 1 0 0]T . This is used to generate the
probability density function ρ(θ, φ) for sampling θ and φ, whose integration over the solid angle 4π
should be unity. Therefore, when a large number of light rays with the polarization state [1−1 0 0]T
are incident on the particle, the scattered light ray density in each direction specified by angle θ and
φ should be proportional to the scattered intensity Isca(θ, φ). Since θ and φ are not separable, and
the accumulative method cannot be used for sampling, the rejection sampling method is used [46]
[19] [24]. With Eq. (3.63), the scattered intensity over the solid angle 4π can be expressed as [24]
Isca =
∫ π
θ=0
∫ 2π
φ=0
Isca(θ, φ) sin θdθdφ (3.64)
Therefore, the probability density function that a photon scatters in the direction (θ, φ,) can be
expressed as
f(θ, φ) = Isca(θ, φ)
Isca
(3.65)
For using the rejection sampling method, the target scattering direction (θ, φ) has a probability
density function f(θ, φ). A probability distribution G(θ, φ) needs to be found, corresponding to the
probability density function g(θ, φ), for which we already have an efficient generation algorithm. The
ratio f(θ, φ)/g(θ, φ) should be bounded by a constant C, and C should be as close to 1 as possible to
save computational time. For embedded nanoparticles with diameter 320nm and a refractive index
of 1.6268, the maximum scattered intensity occurs in the forward direction (θ = 0) [25]. Therefore,
the probability distribution G can be constructed by utilizing the maximum scattered intensity at
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(θ = 0), and its g(θ, φ) can be expressed as
g(θ, φ) = Isca(θ = 0, φ)
Isca
(3.66)
For the probability density function g(θ, φ) both of the scattering angles θ and φ are uniformly
distributed within [0, π] and [0, 2π]. The angle sampling can be achieved by using the following
equations
θ0 = πξ1 (3.67)
φ0 = 2πξ2 (3.68)
F = S11(θ = 0)Ii + S12(θ = 0)(cos(2φ0)Qi − sin(2φ0)Ui) (3.69)
Isca = S11(θ0)Ii + S12(θ0)(cos(2φ0)Qi − sin(2φ0)Ui) (3.70)
Icom = ξ3F (3.71)
Strictly speaking, a standard Mie calculation is insufficient in the context of an absorbing host
medium such as water. The corresponding theory for light scattering by a spherical particle in
an absorbing host medium is given in Mishchenko et al. [39]. However, to consider an absorbing
host medium is out of the scope of the present study. For sampling of θ, a lookup table having a
resolution of 0.001◦ was created for the Mueller matrix elements S11 and S12, in order to speed up
the computation. ξ1,ξ2 and ξ3 are random numbers. If Icom is smaller than Isca(θ0, φ0), then the
(θ0, φ0) values are accepted, otherwise these steps need to be repeated until the condition is met
that Icom < Isca(θ0, φ0). After the generation of θ and φ the Stokes vector needs to be updated
with Eq. (3.72), to modify the probability of the light ray scattering in the next direction.
Isca
Qsca
Usca
Vsca
 =

1 S12/S11 0 0
S12/S11 S22/S11 0 0
0 0 S33/S11 S34/S11
0 0 −S34/S11 S44/S11
 ·R(φ) ·

Ii
Qi
Ui
Vi
 (3.72)
After the intersection with the colloidal particle, the local reference frame needs to be updated from
[e0x e0y e0z]T to [e1x e1y e1z]T , i.e.e1xe1y
e1z
 =
cos θ0 0 − sin θ00 1 0
sin θ0 0 cos θ0
 cos θ0 sin θ0 0− sin θ0 cos θ0 0
0 0 1
e0xe0y
e0z
 (3.73)
Following a scattering event from an embedded colloidal particle, the intensity of any ray reaching
the detector decreases significantly. After two or more internal scattering events inside the drop,
the intensity again decreases strongly. Therefore, a threshold intensity level is set, below which the
ray tracing is terminated.
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Validation and comparison between the simulation and experiment results
First, the generation of the new scattering direction of the light ray was validated, since this is one
of the most essential parts of the Monte Carlo code. To validate this step, a scattering diagram for
the particle is computed with the rejection sampling method and compared to results given by the
Lorenz-Mie theory. Thirty billion light rays were launched for the computation of the scattering
diagram. With the Mueller matrix computed from the Software MiePlot [25] and Eq. (3.63), the
bivariate scattering diagram is plotted in Fig. 3.23 (a), when the incident plane wave is linearly
polarized with the Stokes vector [1 − 1 0 0]T . Then the scattering diagram is generated with the
rejection sampling method for comparison, as shown in Fig. 3.23(b). The agreement can be seen to
be very good.
Figure 3.23: Bivariate scattering diagram calculated with a) the Mueller matrix computed from the MiePlot
Software [25] and b) the rejection sampling method using 30 billion light rays. The intensity in Z-axis
is plotted on a logarithmic scale. The incident plane wave is linearly polarized with the Stokes vector
[1 − 1 0 0]T . (refractive index of surrounding medium 1.3431, refractive index of colloidal particle 1.6268,
size of nanoparticle 320 nm, wavelength of the plane wave 405 nm). Reprinted with permission from [29] ©
The Optical Society.
To underline this good agreement the difference between the two scattering diagrams from the
Lorenz-Mie theory and the rejection sampling method is shown in Fig. 3.24. This difference is
normalized with the local value; hence, given as percent deviation. The maximum normalized
deviation occurs where the absolute intensity becomes very low (due to the normalization), but for
the most part the deviation remains extremely low. However the deviation can be reduced to any
arbitrary level by increasing the number of the incident light rays. For a detector located in the
direction of lower scattered intensity, more incident light rays will needed to obtain a converged
signal.
3.3 Discrete dipole approximation method for computation the
light scattering of colloidal drop
Compared to the Monte Carlo ray-tracing method, the discrete dipole approximation (DDA) method
is a more accurate method to compute the electromagnetic scattering of matter. To study the
light scattering properties of a colloidal drop, the DDA method has also been used. The goal is
to check how sensitive the scattering properties are against the change of the colloidal inclusions.
The colloidal drop has been treated as a large number of polarized dipoles; the position and the
refractive index of each dipole are specified before computation. As the computation time using
the DDA method increases dramatically when the size parameter of the drops is over 100 or the
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Figure 3.24: Relative deviation between the scattering diagrams computed from the Lorenz-Mie theory
and the rejection sampling method using 30 billion light rays. Reprinted with permission from [29] © The
Optical Society.
refractive index of the inclusions increases, only computations were performed for drops, whose size
parameter remained under 100. In the following computations, the size of the host drop is kept as
10 µm.
Three sets of computations were implemented by varying the size of inclusions, the refractive index
of inclusions and the volume fraction of the inclusions. These computations were made by using the
high performance computing center "Lichtenberg-Hochleistungsrechner" of TU Darmstadt. It took
about eight hours with 500 cores to finish a single computation. In the first set of computations,
the size of the inclusions is varying from 50 nm to 110 nm by keeping the drop size, the volume
fraction of the inclusion and the refractive index of the inclusion constant. The parameters for
computation are listed in Tab. (3.1). The results are shown in Fig. 3.25, in which the 16 elements of
the Mueller matrix are plotted from 0◦ to 180◦ individually in each sub-figure, in order to present
what effect the change of the inclusion size brings to each Mueller matrix element. The computation
results, when the sizes of the inclusion are 0 µm, 50 µm, 70 µm, 90 µm and 110 µm, are plotted
with blue, red, yellow, purple and green respectively. As the figure indicates, by changing the size of
the inclusion, the Mueller matrix elements do not change significantly.
D f d Refractive index inclusion
1 10 µm 0.05 0.05 µm 1.5
2 10 µm 0.05 0.07 µm 1.5
3 10 µm 0.05 0.09 µm 1.5
4 10 µm 0.05 0.11 µm 1.5
incident plane wave with λ = 0.405 µm
uniform distribution of granules
Table 3.1: Condition for DDA simulation for different size of inclusion
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Figure 3.25: Mueller matrix comparison for different size of inclusion by keeping volume fraction of the
inclusions as constant. The color blue, red, yellow, purple and green represents the results, when the
inclusion sizes are 0 µm, 50 µm, 70 µm, 90 µm, 110 µm respectively. (drop size : 100 µm, drop refractive
index: 1.3431; nanoparticle refractive index: 1.6268; wavelength: 405 nm)
For the second set of computations, the volume fraction of the inclusions varies from 1% to 9%.
The parameters for individual computations are listed in Tab. (3.2). The computation results are
illustrated in Fig. 3.26, in which the 16 Mueller matrix elements are plotted from 0◦ to 180◦ for
different volume fractions of the inclusions.
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D f d Refractive index inclusion
1 10 µm 0.01 0.05 µm 1.5
3 10 µm 0.05 0.05 µm 1.5
4 10 µm 0.09 0.05 µm 1.5
incident plane wave with λ = 0.405 µm
uniform distribution of inclusions
Table 3.2: Conditions for DDA simulation for different volume fraction of inclusion
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Figure 3.26: Mueller matrix comparison for different volume fraction of inclusions.(drop size : 100 µm, drop
refractive index: 1.3431; nanoparticle size: 50 nm; wavelength: 405 nm)
For the third set of computations, the refractive indices of the inclusions vary from 1.1 to 1.9
while keeping the size and the refractive index of the host drop and the volume fraction of the
inclusion as constant.
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D f d Refractive index inclusion
1 10 µm 0.05 0.05 µm 1.1
3 10 µm 0.05 0.05 µm 1.5
4 10 µm 0.05 0.05 µm 1.9
incident plane wave with λ = 0.405 µm
uniform distribution of inclusions
Table 3.3: Conditions for DDA simulation for different refractive index of inclusion
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Figure 3.27: Mueller matrix comparison for different refractive indices of inclusion.(drop size : 100 µm,
drop refractive index: 1.3431; nanoparticle size: 50 nm; wavelength: 405 nm)
As these computation results show, when the refractive indices of the inclusion and the host drop
are close to one another, the scattering properties of the colloidal drop do not change significantly.
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As the results from the three sets of computations indicate, when the refractive index of the
drop and the refractive index of the inclusion are close to one other, by changing the size or the
volume fraction of the inclusions, the scattering properties of the colloidal drop will not be strongly
affected.
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4.1 Measurement principle of the time-shift technique
Figure 4.1: Time-shift measurement principle. Permission granted from the publisher Elsevier.
The time-shift technique, which is also known as the pulsed-displacement technique [15], [32], is a
method to measure size, velocity, and relative refractive index (m) of spherical particles. As Fig. 4.1
illustrates, a detector placed in the backscatter direction (e.g. 150◦) will register a time dependent
signal comprising several peaks, corresponding to the different scattering orders as a transparent
drop passes through the shaped beam. Details about the measurement principle and optical design
can be found in [51]; however, an important distinguishing factor for the time-shift technique is that
the beam has a focused waist is much smaller than the size of the drop to be measured. This insures
that the different scattering orders appearing in the detector signal will be separated in time.
To compute the signal arising from the passage of a drop through the focused beam of a time-shift
instrument, first a drop position is specified and the light scattered onto a defined detector (position
and aperture size) is computed. With a given velocity, the drop is then displaced in the flight
direction by a time step of ∆t and the computation is repeated. The intensity collected on the
detector of diameter d for each drop position is converted into a time signal using the prescribed
drop velocity vz. To obtain the time-shift signal, the light scattering of all drop positions in which
incident rays intersect with the drop need to be computed. The time-shift signal, illustrated in
Fig. 4.1 for detectors placed on either side of the illuminated laser sheet, comprises three main
peaks: one arising from reflected light (p = 0) and one each from the two modes of second-order
refraction (p = 2.1, p = 2.2) [1]. The particle/drop size can be computed from the time-shift
between the signal peaks; either peaks within one detector (e.g. ∆t220, ∆t2221, ∆t210) or between
peaks in different detector signals (e.g. ∆t2222, ∆t2121). More details about the size and velocity
51
4 Simulation of time-shift signals from complex particles
measurement are given in [51]. Due to the redundancy of size information in various time shifts
between signal peaks, should parts of the signal be missing, e.g. if rays are blocked by an embedded
particle, it may still be possible to estimate the drop size using the remaining signal peaks.
Laser beam description
The laser beam incident on the drop corresponds to that used by a time-shift instrument, for
instance the SpraySpy instrument from AOM-Systems [50]. In this case, the laser beam has a beam
waist of 1 mm in the X direction and approximately 10 µm in the Y direction (direction of particle
movement), the Z direction being the direction of laser beam propagation. Such a non-circular
Gaussian beam (light sheet) is used to improve the directional sensitivity of the instrument, as
described in [51]. This non-circular Gaussian beam is treated as a large number of rays (N), each
ray being defined by its starting point, propagation direction, and the initial amplitude of the
electric field E0. Because the measurement volume of time-shift technique is in the Rayleigh range,
the initial propagation direction is the same for all rays(ki). The starting points of the rays are
randomly distributed in space. This is similar to the approach used in [57] and experience confirms
that convergence of the computed light scattering diagrams is achieved with much fewer rays than
if a regular grid spacing is used for the ray starting points.
4.2 Mathematical expression of the time-shift signal for pure a
drop
Incident regions for different signal modes of time-shift signal
For the intersection of a laser beam with a pure liquid drop, the drop can be treated as a sphere or
spheroid. When considering the time-shift instrument, light only reaches the detector when the
laser beam illuminates certain parts of the drop corresponding to the incident points of ray paths
for the respective scattering order, e.g. reflected or second-order refractive light. The illuminated
region on the drop when light of a given scattering order propagates into the instrument detector is
called the "incident region". Since the detector of the time-shift instrument covers a solid angle, the
incident region for each scattering order is finite.
The propagation direction of the incident ray in the particle coordinate system is expressed
as ki = [0 0 1], when the incident point is expressed with the coordinates (x, y, z). The unit
normal vector of the detector used in this study is nD = [0 sin 15◦ − cos 15◦], given in the particle
coordinate system, being the same as the arrangement of the time-shift instrument. The detector
covers an angle range of 11.6◦; therefore, reflection rays that reach the detector surface should
satisfy
nD · nR >= cos 5.8◦ (4.1)
The vector for the reflected ray is given by
nR = ki − 2(ki · n)n
= [−2xz
R2
− 2yz
R2
R2 − 2z2
R2
]
(4.2)
with
n = [ x
R
y
R
z
R
] (4.3)
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Therefore, the incident angle can be computed as
θi = arccos (n · ki) (4.4)
θi = arccos
z
R
= arccos
√
R2 − x2 − y2
R
(4.5)
The transmitted angle is calculated as
θt = arcsin (
sin (arccos zR)
nt
) = arcsin (
sin (arccos
√
R2−x2−y2
R )
nt
) = arcsin (
√
x2 + y2
R× nt
) (4.6)
Then the incident region for the time-shift signal for reflection from the drop can be formulated as
2y ×
√
R2 − x2 − y2
R2
sin 15◦ + R
2 − 2x2 − 2y2
R2
cos 15◦ >= cos 5.8◦ (4.7)
in which R is the radius of the drop, x and y are the coordinates of the incident intersection points
on the drop in the X axis direction and Y axis direction respectively. The incident region for the
reflection on a spherical homogeneous water drop is illustrated as a red patch in Fig. 4.2 (a) and (b).
Figure 4.2: Incident region for reflection scattering on a spherical, homogeneous water drop. The region is
marked with red color. (b) is an enlarged view for of the region.
At the incident intersection point, with the coordinate (x, y, z), the Fresnel coefficient for the
reflection can be obtained by substitute the Eqs. (4.5) - (4.6) in Eqs. (3.54) - (3.59).
Fig. 4.3 illustrates the ray path for second-order scattering. As the figure shows, when the
rotation direction is clockwise, the rotation angle of the second-order transmitted ray in the plane
of incidence can be expressed as
θT = π − 2θi + 4θt (4.8)
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Figure 4.3: Direction change of second order transmitted ray
θT can be rewritten as
θT = 2 arccos (
−z
R
) + π − 4 arcsin
sin (arccos (−zR ))
nt
(4.9)
θT = π − 2 arccos (
√
R2 − x2 − y2
R
) + 4 arcsin
√
R2 − x2 − y2
R× nt
(4.10)
Therefore, the propagation direction of the second-order transmitted ray can be obtained after
rotation of the incident ray by the angle θT within the scattering plane. The propagation direction
can then be formulated by using Eq. (3.14) for rotation of a vector in three-dimensional space, the
vector for the propagation direction of the outgoing ray for the second order becomes
nT = ki cos θT + (DRA × ki) sin θT + DRA(DRA · ki)(1− cos θT )
= [ x√
(x2 + y2)
sin θT
y√
(x2 + y2)
sin θT cos θT ] (4.11)
in which DRA is the vector for the rotation axis, which is given by the cross-product of two unit
vectors n and ki in the plane of rotation.
DRA =
ki × n
|ki × n|
= [− y√
(x2 + y2)
x√
(x2 + y2)
0]
(4.12)
The incident region of the time-shift signal from second-order refraction scattering of the drop
should satisfy
nD · nT >= cos 5.8◦ (4.13)
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which can be rewritten as
y√
(x2 + y2)
sin θT sin 15◦ − cos θT cos 15◦ >= cos 5.8◦ (4.14)
The incident region for the time-shift signal from second-order refraction scattering, which is marked
in red, is illustrated in Fig. (4.4).
Figure 4.4: Incident region for second-order refraction scattering on a spherical homogeneous water drop.
The region is marked in red . (diameter of drop = 100 µm, refractive index of drop: 1.3431.) (a) is the
view of incident region in 3D; (b) is the view of (a) in the XY plane; (c) and (d) are enlarged views of the
incident regions for the time-shift signal for second-order refraction scattering from the drop.
Compared with the incident region for time-shift signal from the reflective scattering, the incident
region from the time-shift signal for second-order refraction scattering contains two parts, which
correspond to the time-shift signal modes p = 2.1 and p = 2.2. In Fig. 4.5 is the comparison of the
incident regions for the signal modes p = 2.1 and p = 2.2 for the refractive indices 1.3431 and 1.4.
As the figure indicates, the area as well as the location of the incident regions are strongly affected
by the refractive index of the drop.
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Figure 4.5: Compare incident region for second order refraction for different refractive indices.
Mathematical formulation of the time-shift signal
The time-shift signal is generated when the drop passes through the laser beam, as Fig. (4.1)
illustrates. When using the drop center as the origin of the coordinate system, the coordinate of
the beam center is expressed as (xs, ys, zs). The laser beam used in the time-shift instrument
is a simple astigmatic beam, which has an elliptical beam profile; its beam waist in the direction
of X axis and Y axis are wx and wy respectively. Therefore, its intensity can be split into two
orthogonal directions. Then the intensity distribution of the laser beam in the coordinate system
can be expressed by
I(x, y) = I0e
−2 (x−xs)
2
w2x
−2 (y−ys)
2
w2y (4.15)
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Figure 4.6: Gaussian beam intersection with drop
The time-shift signal comprises mainly reflection and second-order refraction scattering from the
drop, scattering from first-order refraction does not reach the detector in backscatter and scattering
from fourth-order refraction is very weak in intensity; therefore, in the following simulation only
scattering from reflection and second-order refraction will be considered. The incident beam is
treated as a large number of rays and the polarization state of each ray is the same and can be
described using the normalized Stokes vector as Si = [I Q U V ]T . For a light ray which intersects
the drop surface at the point (x, y, z), if it reaches the detector, its Stokes vector can be calculated
using
SR = I0e
−2 (x−xs)
2
w2x
−2 (y−ys)
2
w2y ×MRRD ·R(θR) · Si (4.16)
where R(θR) is the rotation matrix; and MRRD is the Mueller matrix at the incident point, when
the light ray propagates from an optical rare medium to an optical dense medium. They are given
with the Eqs (3.40) and (3.52). θR is the rotation angle for updating the local coordinate system
and can be computed using
θR = arccos (
x√
x2 + y2
) (4.17)
The first element of the Stokes vector SR represents the intensity of the reflected ray. Therefore, the
time-shift signal generated by the reflection scattering from the drop can be obtained by integration
of the first element of the Stokes vector SR over the incident region SR for the reflection:
PR(y) =
∫∫
SR
SR(1, 1) dx dy (4.18)
For the outgoing ray from second-order refraction scattering, before reaching the detector it undergoes
twice transmission and once reflection. Similar to the formulation of the Stokes vector for the
reflection, the Stokes vector for second-order refraction scattering can be formulated as
ST = I0e
−2 (x−xs)
2
w2x
−2 (y−ys)
2
w2y ×MTDR ·MRDR ·MTRD ·R(θR) · Si (4.19)
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where MTRD is the Mueller matrix for transmission from an optically rare medium to an optically
dense medium; MTDR is the Mueller matrix for transmission from optical dense medium to
an optically rare medium. Therefore, the time-shift signal generated by second-order refraction
scattering can be formulated by integration of the first element of the Stokes vector ST over the
incident region ST for second-order refraction scattering, i.e.
PT (y) =
∫∫
ST
ST (1, 1) dx dy (4.20)
Then the time-shift signal can be formulated by combination of the signal generated by the reflection
scattering and second-order refraction scattering:
P (y) = PR(y) + PT (y) (4.21)
A time-shift signal has been computed with this analytical method and the ray-tracing method
respectively, with the laser beam being perpendicularly polarized. The comparison is shown in
Fig. (4.8).
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Figure 4.7: Comparison between ray tracing, measured time-shift signal and analytical solution for time-shift
signal as the laser beam is parallel polarized.
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Figure 4.8: Comparison between ray-tracing and the analytical solution for the time-shift signal for
perpendicular polarization.
When the incident region for the time-shift signal for the reflection scattering and second-order
refraction scattering overlaps, the time-shift signal will also overlap. This would occur for larger
ratios of laser beam waist to drop diameter or for certain spheroidal drops.
4.3 Simulated time-shift signal of complex particles
4.3.1 Spheroidal particles
In numerous applications of atomization it is of interest to determine whether the drops are spherical
or non-spherical. Most commercial instruments for particle/drop characterization measure the
particle size under the assumption that the particle is spherical; both the phase Doppler technique
and the time-shift technique do so. The effect of non-sphericity on the size measurement using
the phase Doppler technique has already been studied [7]. The effect of non-sphericity on the size
measurement using the time-shift technique has not been investigated and the present subsection is
devoted to this topic. Parts of this section have been published in the article Li, L., Rosenkranz,
S., Schäfer, W., & Tropea, C. (2018). Sensitivity of the time-shift technique in characterizing
non-spherical drops. In Proceedings of the Nineteenth International Symposium on the Application
of Laser and Imaging Techniques to Fluid Mechanics.
As is evident from the light scattering simulations pictured in Fig. 4.9, a change of drop sphericity
will strongly effect the light scattering. In the present study light scattering from ellipsoidal drops
using the ray-tracing method will be examined. The signal from a time-shift instrument has been
simulated for varying non-sphericities of the drop, but keeping the drop volume constant: i.e. the
aspect ratio and refractive index have been varied. The aspect ratio is defined as the ratio of the
major (a) to minor (c) axis dimension, thus values a/c < 1 correspond to prolate drops and values
a/c > 1 to oblate drops. The incident light and the receiving detectors are chosen to correspond
to typical configurations used in implementing the time-shift technique for particle sizing. The
computational procedure is described for the most general case and results are presented for drops
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aligned such that their major axis corresponds to the incident beam propagation direction. The
resulting size measurement is then studied as a function of changing aspect ratio and relative
refractive index (1.33, 1.36, 1.40). Using the simulated time-shift signal, the drop size has been
calculated, as well as deviations from the nominal (equivalent spherical) diameter.
The simulation results indicate that the signals arising from the time-shift technique will reveal
non-sphericity of drops, but that a reasonably good estimate of the volume equivalent size can be
made by combining the size estimates from reflective and second-order scattered light. For the
present ranges of aspect ratio and relative refractive index investigated, the average diameter fell
within 14% of the true volume equivalent diameter.
Figure 4.9: Ray-tracing simulations for p = 2: (a) a/c = 0.90, (b) a/c = 1.0 and (c) a/c = 1.1. The black
lines represent the incident rays, and the green and blue lines represent, respectively, the refraction rays at
the surface of a drop and reflected rays at the inner surface of a drop. The red lines denote the refracted
rays p = 2. (p: scattering order)
Computational Procedure
The primary coordinate system is centered at the beam waist and aligned such that the Z-axis is in
the beam propagation direction; polarization is with respect to the X-axis (s polarization). The
drop is a spheroid (ellipsoid of revolution), given by
(x− x0)2
a2
+ (y − y0)
2
b2
+ (z − z0)
2
c2
= 1 (4.22)
where (x0, y0, z0) are the coordinates of the drop with respect to the center of the Gaussian beam
waist. However, in the present study the drop can also be arbitrarily orientated when passing
through the laser beam. The particle rotation is achieved using the Euler rotation theorem, by
which the rotation can be described using three angles. There are several variations of this matrix
and the so-called ZXZ rotation is used in this study. A right-handed coordinate system with a
positive angle to represent any right-handed rotation is used. Rotations are first performed around
the Z axis through an angle ψ, then around the (rotated) X’ axis of the body through an angle β,
and finally around the Z’ axis of the body through an angle α. After performing the rotations, the
entire body is translated. The body rotation of the spheroid is depicted in figure 4.10.
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Figure 4.10: Orientation of drop after the ZXZ rotation
If (x′, y′, z′) are the coordinates of a particular point prior to rotation and translation, and (x, y, z)
are the coordinates of the point after rotation and translation, then the following relations hold:x′y′
z′
 = Rz(−α)Rx(−β)Rz(−ψ)
x− x0y − y0
z − z0
 (4.23)
where:
Rz(ψ) =
cosψ − sinψ 0sinψ cosψ 0
0 0 1
 (4.24)
Rx(β) =
1 0 00 cosβ − sin β
0 sin β cosβ
 (4.25)
Rz(α) =
cosα − sinα 0sinα cosα 0
0 0 1
 (4.26)
Substituting Eq. (4.24) into Eq. (4.22), then the spheroid in space is given by:
[(cosα cosψ − sinα cosβ sinψ)(x− x0) + (− cosα sinψ − sinα cosβ cosψ)(y − y0) + sinα sin β(z − z0)]2
a2
+
[(sinα sinψ + cosα cosβ sinψ)(x− x0) + (− sinα sinψ + cosα cosβ cosψ)(y − y0)− cosα sin β(z − z0)]2
b2
+
[(sin β sinψ(x− x0) + sin β cosψ(y − y0) + cosβ(z − z0)]2
c2
= 1
(4.27)
To compute the signal arising from the passage of a drop through the focused beam of a time-shift
instrument, first a drop position is specified and the light scattered onto a defined detector (position
and size) is computed. With a given velocity in the Z direction (vz), the drop is then displaced
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by a step time of ∆t and the computation is repeated. The intensity collected on the detector for
each drop position is converted into a time signal using the prescribed drop velocity. To obtain the
time-shift signal, the light scattering of all drop positions in which incident rays intersect with the
drop need to be computed. The time-shift signal, exemplary illustrated in figure 4.1 for detectors
placed on either side of the illuminated laser sheet, comprises three main peaks; one arising from
reflected light (p = 0) and one each from the two modes of second-order refraction (p = 2.1, p =
2.2).
To understand the signal generation from an ellipsoidal drop, the incident and exit angle ranges
through which a ray passes to fall onto a prescribed detector is analyzed for reflected and second-
order refracted light. These angle ranges will be used to interpret the loss or overlap of signal peaks
in the following section. For reflection, the incident and glare points on the surface of the drop are
coincident. The glare region which a finite size detector sees on the drop is computed by traversing
a point detector over the real detector area. The point detector has the coordinates (0, yd, zd).
Figure 4.11a illustrates the ray path when a reflected ray is incident on the point detector.
Figure 4.11: Ray paths for a point detector: a) reflection; b) second-order refraction
To reach the point detector Eq. (4.28) should be satisfied, where li and lr represent the incident
and the reflected ray vectors, and ~n is the normal vector at the incident/glare point (0, y0, z0)
and can be calculated as ∇f(0 y0 z0)/|f |; where f is surface of the ellipsoid.
|~li · ~n|
‖~li‖∗‖~n‖
= |
~lr · ~n|
‖~lr‖∗‖~n‖
(4.28)
Substituting expressions for each of the variables into Eq. (4.28) yields the following relation:
| − κ ∗ cos θ1| =
∣∣∣∣∣− sin θ1 ∗ (yd + κ ∗ b ∗ sin θ1)− κ ∗ cos θ1 ∗ (zd + a ∗ cos θ1)√(yd + κ ∗ b ∗ sin θ1)2 + (zd + a ∗ cos θ1)2
∣∣∣∣∣ (4.29)
where κ is the inverse of the aspect ratio written as κ = c/a. This equation can be solved for the
eccentric anomaly angle θ1, the angle corresponding to the incident/glare point. To compute the
glare point region for scattering by second-order refraction, the relationship between the incident
angle θin and exit angle θout, illustrated in figure 4.11b, has been computed by using the Eqs. (4.30)
- (4.35) in [68]:
L01 =
1
m
[L0 − (L0 · nA)nA]−
√
1− 1
m2
+ 1
m2
(L0 · nA)2 · nA (4.30)
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M2 =
y0
b2 +
p0
n0
z0
c2
1
b2 +
p02
n02
1
c2
(4.31)

x2 = x0
y2 = y0 − 2 ∗M2
z2 = z0 − 2 ∗M2 ∗ p0n0
(4.32)
L12 = L01 − 2 ∗ (L01 · nB)nB (4.33)
L2 = m[L12 − (L12 · nC)nC ] +
√
1−m2 +m2(L12 · nC)2 · nC (4.34)
θout = arccos(L2 · [0 0 − 1]) (4.35)
Where p0 and n0 are the elements of the direction vector in y and z-axis in the Cartesian coordinate
system.
Simulation results
In the following simulations of the time-shift signal for an ellipsoidal drop, the volume of the drop
has been kept constant at the volume of a drop with diameter 100 µm; the aspect ratio has been
varied among the values η= 0.9, 1.0 and 1.1 and the relative refractive index has taken the values
m = 1.33, 1.36 and 1.40.
In Fig. 4.12, the left diagram presents the simulated time-shift signal for different relative refractive
indices and the right diagram shows the relationship between the exit angle of second-order refraction
scattering and the corresponding incident angle, when the aspect ratio is 0.9. The red dashed line
and the green dashed line represent the upper and lower exit angle range for which reflective light
will fall onto the detector. Only when the exit angle of the second-order refraction scattering is in
the angle range between the green dashed line and red dashed line, will the exit ray be incident
on the detector. When the refractive index is 1.33, the incident angle range for second-order
refraction scattering results in two, well separated regions for the incident angle, yielding also two
well separated peaks in the time-shift signal. These two peaks correspond to the p = 2.1 and 2.2
modes respectively. For the relative refractive index of 1.36 and 1.40 the incident angle for the p
= 2.1 and 2.2 modes does exhibit distinct ranges and the peaks in the time-shift signal for these
modes overlap with each other, as seen in the left diagram of Fig. 4.12.
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Figure 4.12: Left - simulated time-shift signal for different relative refractive indexes; Right - relationship
between incident angle and exit angle of second-order refractive scattering, for an aspect ratio of 0.9. (RI
stands for refractive index)
From Fig. 4.13, computed for an aspect ratio of 1.0, the two signal peaks corresponding to
second-order refractive scattering are distinct for all relative refractive indexes.
Figure 4.13: Left - simulated time-shift signal for different relative refractive indexes; Right - relationship
between incident angle and exit angle of second-order refractive scattering, for an aspect ratio of 1.0. (RI
stands for refractive index)
For the aspect ratio 1.1, shown in Fig. 4.14, the incident angle range for the mode p = 2.2 and
for the relative refractive index 1.40 is larger than the angle range for m = 1.36. For the relative
refractive index 1.33, no angle range for mode p = 2.2 exists, which means the time-shift signal
for the mode p =2.2 does not exist and no respective peak appears in the signal (left diagram in
Fig. 4.14.)
Figure 4.14: Left - simulated time-shift signal for different relative refractive indexes; Right - relationship
between incident angle and exit angle of second-order refractive scattering, for an aspect ratio of 1.1. (RI
stands for refractive index)
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For a typical time-shift signal, there are several ways to evaluate the particle size, as Fig. 4.1
illustrates. The particle size has been calculated with various time differences by using Eqns. (4.36)
- (4.37) derived in [51] and the evaluation results are tabulated in Tab. 4.1, as well as an average of
the results from both evaluation methods.
d = ∆t00 ∗
Vz
cos( θs2 )
(4.36)
d = ∆t2121 ∗
Vz
sin(θ(p=2.1)i )
(4.37)
AR
RRI 1.33 1.36 1.40
b/a = 0.9 d∆t00 = 43.65µm d∆t00 = 40.77µm d∆t00 = 42.50µm
a = 51.787µm d∆t2121 = 64.52µm d∆t2121 = 74.09µm Signal for second order
b = 46.609µm d∆t00+d∆t21212 = 54.085µm
d∆t00+d∆t2121
2 = 57.43µm refraction scattering p = 2.2
c = 51.787µm with p = 2.1 overlap
b/a = 1 d∆t00 = 49.81µm d∆t00 = 49.81µm d∆t00 = 49.81µm
a = 50µm d∆t2121 = 50.57µm d∆t2121 = 50.73µm d∆t2121 = 50.74µm
b = 50µm d∆t00+d∆t21212 = 50.19µm
d∆t00+d∆t2121
2 = 50.27µm
d∆t00+d∆t2121
2 = 50.275µm
c = 50µm
b/a = 1.1 d∆t00 = 60.83µm d∆t00 = 59.10µm d∆t00 = 56.80µm
a = 48.463µm d∆t2121 = 45.66µm d∆t2121 = 44.31µm d∆t2121 = 41.87µm
b = 53.28µm d∆t00+d∆t21212 = 53.245µm
d∆t00+d∆t2121
2 = 51.705µm
d∆t00+d∆t2121
2 = 49.335µm
c = 51.787µm
Table 4.1: Evaluation of the size of an ellipsoidal particle by using the simulated time-shift signal. (AR:
Aspect Ratio; RRI: Relative Refractive Index)
The results from Tab. 4.1 indicate that for spherical drops the time-shift technique yields good
estimates of drop diameter independent of which time shift is used for computation. This fact can
be exploited in two ways. First, size can be computed using the time difference from both reflection
and second-order refraction and only if the two estimates agree within bounds, will the value be
accepted; hence this is a validation check. If the two values do not agree, this is an indication of
non-sphericity. Second, if the drop is non-transparent or semi-transparent, such that signal peaks
from second-order refraction are very weak, the size estimate from reflective scattering should be
sufficient.
However, the simulations indicate also that the time-shift signal is significantly affected by changing
either the relative refractive index or the aspect ratio of the ellipsoidal drop. Quite generally, the
deviation of the drop size calculated by using the time difference from the reflection scattering order
(∆t00) exhibits a different sign compared with the deviation of the drop size calculated by using the
time difference from second-order refractive scattering (∆t2121). This holds for all values of relative
refractive index and aspect ratio investigated. Which of the two methods results in a positive or
negative deviation depends on the aspect ratio. For oblate drops (b/a < 1.0) the reflective estimate
(∆t00) lies below the true value and for prolate drops (b/a > 1.0) the estimate exceeds the true
size. However, using a combination of both calculation methods, i.e. the average drop size, the
simulation indicates that the size measurement is more robust against a change of the aspect ratio
and the relative refractive index. For the present ranges of aspect ratio and relative refractive index
investigated, the average diameter fell within 14% of the true volume equivalent diameter.
65
4 Simulation of time-shift signals from complex particles
Notable is the fact that for high values of relative refractive index and prolate drops a size estimate
cannot be made using second-order refraction, since the signal peak for p = 2.2 is missing. The
computational procedure introduced in this study is capable of also treating ellipsoidal drops with
arbitrary orientation with respect to the incident beam. However, the present results have focused
only on cases in which the drop z-axis was aligned with the incident beam propagation direction.
4.3.2 Drop with an embedded particle
As mentioned in the Chapter 1, there exists a need to characterize drops with an embedded flake or
sphere. In this section, time-shift signals for a drop with an embedded particle were simulated, in
order to obtain the signal features which might characterize such kinds of drops.
Simulation for detecting the existence of an embedded spherical particle
Subsequent simulations of time-shift signals for a drop with an embedded particle are simulated for
a scattering angle θs = 160◦ and p polarization. Note also that the convection time of the particle
through the laser beam has been scaled such that the particle is centered in the beam at t = 0.
Time is made dimensionless using t∗ = t · vz/DDrop. Consequently, the p = 0 peak occurs at times
with opposite sign than the p = 2.1 or p = 2.2 peaks. The dashed line signal appearing in the
subsequent diagrams represents the undisturbed signal generation.
In Fig. 4.15, the dashed line resembles closely the expected signal structure from a time-shift
device; however, the p = 2.2 peak exhibits some oscillations in intensity. This arises simply because
the incident point/surface through which rays pass to reach the detector by second-order refraction
is very small compared to the incident surfaces for p = 0 or p = 2.1; hence, many fewer rays are
used to construct the signal. If the number of rays is increased significantly above the standard
value, then these oscillations vanish.
Figure 4.15: Simulated time-shift signal for a drop with embedded spherical particle: D∗P = 0.2, ψ =
[0, 0, 0], nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
Strictly speaking another dimensionless length scale arises when considering the signal generated
by a time-shift device, namely the ratio of drop diameter to beam waist. The peak width will scale
proportional to this ratio. In the following computations this ratio has not been varied, but a value
typical of time-shift devices has been chosen. No fundamental differences are expected for other
values, only the peak width would vary.
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Fig. 4.15 shows the time-shift signal for a drop with an embedded spherical particle residing in
the center of the drop. Comparing with the standard time-shift signal and dashed line in Fig. 4.15,
the signal width from the reflection peak (p = 0) becomes significantly wider, due to the scattered
light from the embedded spherical particle. Also in this case the signal intensity exhibits strong
amplitude oscillations, due to the same reason discussed above. To illustrate this in more detail the
relationship between the incident angle θi and the exit angle θout of the scattered ray l2 has been
calculated. The geometry of this ray reflecting off an embedded particle is illustrated in Fig. 4.16.
Figure 4.16: Demonstration of scattering by embedded particle. Reproduced from [28].
In the scattering plane, the exit angle θout can be computed by using Eqs. (4.30) - (4.35). The
relationship between the incident angle θi and the exit angle θout of the scattered ray from the
embedded particle is plotted in Fig. 4.17 for the different scattering orders. This figure shows the
drop surface ranges (expressed as incident angle) over which the incident beam will reach the upper
and lower limit of the detector aperture (in this case 14.198 deg to 25.01 deg, corresponding to
typical device specifications). As can be seen, the drop surface contributing to the signal arising
from reflection from the embedded particle is very small compared to all other scattering orders
(p = 0, 2.1, 2.2), i.e. relatively few incident rays are used in computing the detector signal; hence,
the increased fluctuations in the signal is observed in Fig. 4.15.
When the embedded spherical particle becomes larger, the simulated time-shift signal changes
significantly, as Fig. 4.18 shows. The amplitude of the signal peak from the reflection scattering
becomes much stronger in amplitude; additionally, one signal peak from the second-order refraction
(p = 2.1) scattering is lost. This is because when the particle reaches a certain size, it will block the
ray path for part of second-order refraction scattering.
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Figure 4.17: The relationship between incident angle and exit angle for different scattering orders. I: incident
angle range for reflection scattering (p = 0); II: incident angle range for the second-order refraction, first
mode (p = 2.1); III: incident angle range for the second-order refraction, second mode (p = 2.2); IV: incident
angle range for the reflection scattering from embedded particle (D∗P = 0.2, nt = 1.33). Reproduced from
[28].
Figure 4.18: Simulated time-shift signal for a drop with embedded spherical particle: D∗P = 0.45, ψ =
[0, 0, 0], nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
Figure 4.19: Simulated time-shift signal for a drop with embedded spherical particle: D∗P = 0.2, ψ =
[0.05, 0, 0], nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].68
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In Fig. 4.19, the embedded spherical particle is no longer in the centre of the drop; an offset exists
in the X axis. A signal behaviour similar to that obtained using a centered particle is obtained; the
scattered light from the embedded particle overlaps with the reflected light from the drop surface
and leads to a widening of the signal peak from the reflection scattering. It is apparent from the
signal amplitude oscillations that this occurs over a rather small incident surface on the drop.
Figure 4.20: Simulated time-shift signal for a drop with embedded spherical particle: D∗P = 0.2, ψ =
[0, 0.05, 0], nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
When the offset of the particle is in the direction of the Y axis, the simulated time-shift signal
from the detectors above and below lose symmetry, and the signal amplitude of the second-order
refraction signal peak is reduced significantly, as Fig. 4.20 shows. When the offset is in the direction
of the Z axis, the simulated time-shift signal exhibits features similar to the time-shift signals shown
in Fig. 4.15 and Fig. 4.19.
Figure 4.21: Simulated time-shift signal for a drop with embedded spherical particle: D∗P = 0.2, ψ =
[0, 0, 0.05], nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
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Simulation for detecting the existence of an embedded flake
The time-shift signal has also been simulated for the drop with an embedded flake. Fig. 4.22 shows
the simulated time-shift signal for the drop with an embedded flake, located in the center of the
drop. This figure uses a logarithmic scale, because a signal peak for p = 2.1 with extremely high
amplitude is obtained, arising due to reflection from the embedded flake. The other signal peaks
remain virtually unchanged in amplitude, as evident from the complete congruence of the reference
and detector signals
Figure 4.22: Simulated time-shift signal for a drop with embedded spherical particle: D∗F = 0.5, ψ =
[0, 0, 0], α = 0◦, β = 0◦, nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
For a different orientation of the flake, the time-shift signal also exhibits a strong signal peak; at
the same time, the signals from the detectors above and below lose symmetry, as Fig. 4.23 shows
for the case of a zenith angle α = 20 deg and azimuthal angle β = 50 deg.
Figure 4.23: Simulated time-shift signal for a drop with embedded spherical particle: D∗F = 0.5, ψ =
[0, 0, 0], α = 20◦, β = 50◦, nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
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However, for some orientations, comparing with the time-shift signal from the pure drop, the
time-shift signal from the drop with embedded flake does not exhibit a strong difference, as Fig. 4.24
shows. For this situation the existence of the embedded flake would not be detected with the
time-shift technique.
Figure 4.24: Simulated time-shift signal for a drop with embedded spherical particle: D∗F = 0.5, ψ =
[0, 0, 0], α = 20◦, β = 10◦, nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
Figure 4.25: Simulations concerning the detection of an embedded flake by varying the zenith and azimuthal
angles in the range 0◦ to 90◦ with an interval of 10◦. (D∗P = 0.5, ψ = [0, 0, 0], σ = 0. Horizontal shading
means significant change of signal amplitude; diagonal shading means the loss of symmetry and vertical
shading means significant change of signal width.) Reproduced from [28].
To explore over what ranges of zenith and azimuthal angles of flake orientation the embedded
flake could be detected, the time-shift signal has been simulated for varying zenith and azimuthal
angles. Then the simulated time shift signals have been compared with the reference signal to see
if one of the following features could be observed: significant change of signal amplitude (more
than 40%), the loss of symmetry and/or significant change of peak width. When any one of these
features could be observed, the assumption is made that the flake could be unequivocally recognized.
Fig. 4.25 shows the results of these simulations by indicating which combinations of zenith and
azimuthal angles are likely to result in a signal from which the flake could be recognized. These
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features have been marked with different kinds of shading in Fig. 4.25. For this set of simulations, a
signal difference could be observed in about 70% of all simulations. Noticeable is that, when the
zenith angle is 90◦, all of the detections fail; this is because of the geometric symmetry, which leads
to the individual scattering orders unchanged, as shown in Fig. 3.15
In practice, the embedded flake could exhibit a rough surface. The light scattering of particles
with rough surfaces has been studied by Stegmann [57], Germer [11], Nousiainen [40], and Yang
and Liou [67]. The model from Yang and Liu [67] has been implemented in the current code, in
which the surface is constructed with facets, whose random tilts are specified as
cos θ = 1
(1− σ2 × ln(η1))
1
2
(4.38)
φ = 2× π × η2 (4.39)
Here θ and φ are polar and azimuthal angles in the local spherical coordinate system based on the
embedded flake; η1 and η2 are random numbers and are distributed uniformly over zero to unity.
σ defines the magnitude of roughness. σ = 0− 0.005, 0.005− 0.05, 0.05− 0.2 correspond to slight,
moderate and deep roughness. The time-shift signals are simulated under the same orientation as
in Fig. 4.24 by varying σ. One exemplary result is shown in Fig. 4.26. In this particular case the
p = 2.1 peak (second-order refraction, mode 1) is strongly broadened. This is understandable, since
only rays contributing to this peak interacted with the flake surface. The reflected rays and p = 2.2
rays scatter unhindered from the drop. This is fortuitous, since the drop size measurement could
then still be performed using time shifts between for instance the p = 2.2 peaks of the two detectors.
The distorted p = 2.1 peak would indicate the presence of a flake.
Figure 4.26: Simulated time-shift signal with a rough embedded flake: D∗F = 0.5, ψ = [0, 0, 0], α = 20◦, β =
10◦, nt = 1.33, θs = 160◦, p polarization. Reproduced from [28].
Similar to Fig. 4.25, the signal generation of the drop with an embedded, rough surfaced flake has
been computed over the same zenith and azimuthal angles as in Fig. 4.25. The results are shown in
Fig. 4.27.
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Figure 4.27: Simulations concerning the detection of an embedded flake by varying the zenith and azimuthal
angles in the range 0◦ to 90◦ with an interval of 10◦. (D∗P = 0.5, ψ = [0, 0, 0], σ = 0.1. Horizontal shading
means significant change of signal amplitude; diagonal shading means the loss of symmetry and vertical
shading means significant change of signal width.) Reproduced from [28].
The underlying question of this study is whether the time-shift technique can be used to not
only determine the size and velocity of drops, but also whether the drop contains an embedded
spherical particle or a flake. To answer this question first the light scattering from such drops has
been studied and validated and then typical instrument specifications for a time-shift device have
been used to generate simulated signals from the device.
Consider first the case of a drop with an embedded spherical particle. Such situations arise when
a solid particle is surrounded by a liquid, which is typical of encapsulation processes such as spraying
into a fluidized bed. In such cases the surface tension is likely to establish a uniform coating of
the particle, i.e. the assumption that the particle is centered in the drop is quite realistic and
most results have been generated for this case. The scattering diagrams presented in section 3.1.1
indicate additional backscatter contributions arising from the reflection of light from the embedded
particle and these contributions increase the amplitude and duration of the reflection peak in the
time-shift signals for virtually all geometrical situations studied. Therefore, one can conclude that,
with suitable signal detection and modifications to the signal processing, the time-shift technique
should be able to unequivocally detect whether a drop contains a spherical particle or not. To what
extent this statement can also apply to non-spherical embedded particles or not fully reflective
particles cannot be answered at this time, but the ray-tracing algorithm introduced in this study
could principally be used to investigate such cases with little modification.
Considering the case of a drop with an embedded flake, a situation of particular interest when
measuring metallic paints, the answer is less conclusive. The flake can have several effects on the
signal received by a time-shift device, ranging from suppression of certain peaks to enhancement of
others, in some cases by several orders of magnitude. The main determining factor becomes the
orientation of the flake in the drop with respect to the incident beam and detectors. There is no
physical reason to assume that flakes will favour a particular orientation for drops in a flow field and
therefore the actual orientation is likely to be randomly distributed. Given a uniform orientation
probability the results presented in Fig. 4.25 suggest that the probability of flake detection is
somewhere around 70%, although if a flake is detected, the correctness of the measurement is likely
very high. The uncertainty of flake detection could be reduced by adding further detectors at
different scattering angles, e.g. in forward scatter; however, this would complicate greatly the device
design and alignment, one of the advantages presently exploited by working solely in backscatter.
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In either case, embedded particle or flake, the assumption of a perfectly reflecting smooth surface
was made. However, in reality the inclusion may exhibit a rough surface, in which case the reflection
will be more diffuse. This situation has been investigated for the case of an embedded flake and
sample simulated signals confirm that signal peaks arising from rays which interact with the flake,
in this case p = 2.1, exhibit a strong broadening. Thus, the very sharp boundaries of light scattering
in backscatter for the embedded particle or the blocking angle for the embedded flake become much
less sharp and changes in scattering amplitude are smoothed out over larger scattering angle ranges.
This improves the chances of inclusion detection, although any specific signal peak amplitude may
be less. In the case examined in Fig. 4.27, the probability of flake detection raises from 70% to
about 85%.
74
5 Application of time-shift technique to colloidal drops
This chapter addresses the characterization of a colloidal drop using the time-shift technique to not
only determine the drop size but also the volume concentration of the suspended colloidal particles
inside, and possible even the size of the colloidal particles. This chapter begins with a description
about how the volume concentration of the colloidal particles can be characterized. To validate this
approach, corresponding experiments have been conducted.
5.1 Theory for the measurement of the volume concentration
Measurement of the volume concentration can be achieved using two approaches. The first approach
is to evaluate the relative strength of the internal scattering from the colloidal particles compared
to the reflection scattering from the drop. The second method is to evaluate the attenuation ratio
of the signal from second-order refraction scattering based on the Lambert-Beer relation, similar as
the method used in [42] [26] [27].
Evaluation of the relative strength of the internal scattering
For the first approach, the assumption is that, when the size of the host drop is constant, by
changing the volume concentration of the colloidal particle the amplitude of the reflection from the
time-shift signal remains constant. As the volume concentration of the colloidal particles increases,
the scattering from the colloidal particles becomes stronger, which has also been mentioned in the
study from Rosenkranz et al. [49].
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Figure 5.1: Comparison of measured and computed time-shift signals for different volume concentrations
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Fig. 5.1 shows that as the volume concentration of the embedded nanoparticles increases from
0.14% to 1% , the scattering from the nanoparticle becomes stronger. It also indicates that for a
colloidal drop with same size, by varying the volume concentration of the colloidal particles, the
change of the amplitude of the signal peak for reflection scattering is very limited. Therefore, the
amplitude of the signal peak for reflection scattering can be used as a reference to characterize
changes in the strength of the internal scattering arising from the colloidal particles. Here the
parameter η is defined to evaluate the relative to reflective scattering strength from the internal
scattering as
η = TS −RS
RS
= IS
RS
(5.1)
in which TS is the signal amplitude at the position for the reflection peak; IS is the amplitude
from internal scattering by colloidal particles at the position of the reflection peak and RS is the
reflection scattering amplitude from the drop surface, also at the position of the reflection peak.
From the measured time-shift signal, TS can be directly measured; however, IS and RS cannot be
directly measured. The amplitude for internal scattering is obtained by linear interpolation of the
two values for points A and B by signal processing, as Fig. 5.2 depicts.
IS = IA + IB2 (5.2)
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Figure 5.2: Scheme to obtain the intensity of the internal scattering from the measured signal by interpolation
of the signal value between A and B.(TS: total signal strength; RS: signal strength from reflection; IS:
signal strength from internal scattering)
By using the relative scattering strength of the inclusions to characterize the volume concentration,
a lookup table for the theoretical value of η needs to be calculated before processing the signal.
The measured η needs to be compared with the theoretical η to obtain the volume concentration
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of the inclusions. However, the quantity η is related to the volume concentration of the inclusion
as well as the size of the host drop. We assume that the inclusions within the colloidal drop will
have very limited effect on the surface reflection, the calculation of the signal strength RS raised by
surface reflection from a colloidal drop is replaced by calculation of the signal strength RS generated
by surface reflection from a homogeneous spherical drop, having the same size as the colloidal
drop. For the intersection with a homogeneous spherical particle, the amplitude of the signal peak
from reflection scattering can be evaluated using the Debye series formulation of the Generalized
Lorenz-Mie Theory (GLMT) [12]; it could also be calculated with geometric optics as written in
section 4.2, but with less accuracy. The total signal strength TS could be obtained by using the
formulation of the Discrete Dipole Approximation method in case of very small colloidal drops with
high accuracy. When the size parameter of the colloidal drop is larger than 50, the computation
effort will on longer be feasible. Both of the TS and RS could also be obtained by using the Monte
Carlo ray-tracing method introduced in section 3.2, which needs much less time for computation.
However, this method is less accurate compared to the discrete dipole approximation method.
Evaluation of the strength of the signal peak attenuation
Another method for estimating the colloidal concentration is by using the Lambert-Beer relation.
Due to the inclusions, the signal modes p = 2.1 and p = 2.2 may be attenuated. Since the time-shift
signal amplitude from the signal mode p = 2.1 is usually much stronger than the time-shift signal
amplitude from the signal mode p = 2.2, only the signal mode p = 2.1 will be used to characterize the
volume concentration of the inclusion. The attenuation of the signal amplitude from second-order
refraction scattering satisfies the Lambert-Beer relation when the volume fraction of the inclusions
is under 3% [29], according to Eq. (5.3).
I = I0 exp−
OL
E(L) (5.3)
in which I0 is the time-shift signal amplitude of the signal mode p = 2.1 from a pure drop; I is the
time-shift signal amplitude of the signal mode p = 2.1 from a colloidal drop, which has the same size
as the pure drop; OL refers to the optical path length within the drop for second-order refraction
scattering, as illustrated in Fig. 3.17 and E(L) refers to the optical mean free path within the
colloidal drop, which has been defined with the Eq. (3.37). The optical path length in a spherical
drop for the time-shift signal mode p = 2.1 can be written as
OL = 4R · cos (arcsin (sin θ
p=2.1
i
m
)) (5.4)
in which R is the radius of the drop; θp=2.1i is the incident angle for second-order refraction scattering
(p = 2.1) and can be obtained from
sin θp=2.1i = m · sin (
pi
4 −
θS
4 +
θp=2.1i
2 ) (5.5)
where θS is the polar angle for the detector. From Eqs. (3.30), (3.37), (5.3) and (5.4), the relationship
between the volume concentration of the inclusions and the attenuation ratio of the signal from the
second-order refraction scattering can be expressed as
Cv = −
r · ln II0
3R ·Qext · cos (arcsin sin θp=2.1m )
(5.6)
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where r is the radius of the inclusions. By using the Lambert-Beer relation to estimate the volume
concentration of the inclusions, the time-shift signal amplitude I of the signal mode p = 2.1 from
colloidal drops needs to be evaluated from the measured time-shift signal; I0 could be measured by
using a pure liquid drop. It is unnecessary to measure the I0 for different sizes of the pure drop.
For other sizes of the drop, I0 can be obtained by using the Generalized Lorenz-Mie theory.
The application range of this method is quite dependent on the optical properties and size of the
colloidal particles. When the optical mean free path is small, as Eq. (5.3), the signal amplitude
decays very quickly. To obtain I from the measured time-shift signal, the signal part contributed
by the time-shift signal mode p = 2.1 needs to be extracted from the signal peak It, as shown in
the right part of Fig. 5.3. As the volume concentration of the colloidal particles increases, then it
will be impossible to distinguish between the signal amplitude arising from the internal scattering
and second-order refraction scattering. As Eq. (3.37) [35] indicates, the optical mean free path is
dependent on the volume concentration of the colloidal particles, the extinction efficiency factor,
as well as on the size of the colloidal particle. The extinction efficiency factor is a function of
incident wavelength and the size of the colloidal particles. For a particle with a small extinction
efficiency factor, the optical mean free path could become very large. Therefore, even when the
volume concentration of the colloidal particle is high, distinguishing the signal from the internal
scattering and the second-order refraction scattering is still possible.
In Fig. 5.3 two time-shift signals from colloidal drops containing different sizes of nanoparticles
are shown; the volume concentration is 10%; the inclusions are polystyrene latex nanoparticles. For
the time-shift signal in the left part of the figure, the signal from second-order refraction scattering
cannot be distinguished; however, the time-shift signal on the right part of the figure allows this.
The reason is that the extinction efficiency factor of the nanoparticles with diameter 200 nm is 0.302,
which is much larger than the extinction efficiency factor of the nanoparticles with the diameter
30 nm. Therefore, the optical mean free path is much smaller, which leads to a stronger attenuation
of the signal from second-order refraction scattering.
0 2000 4000 6000
-0.2
0
0.2
0.4
0.6
0.8
1
In
te
ns
ity
Time-shift signal
0 1000 2000 3000 4000
-0.2
0
0.2
0.4
0.6
0.8
1
Time-shift signal
Particle size = 30nm
Volume fraction :10%
Particle size = 200nm
Volume fraction :10%
Second order
 refraction scattering
I
I
t
Time [Sample No.] Time [Sample No.]
Figure 5.3: Comparison of time-shift signals from drops with different sizes of nanoparticles.
78
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The measurement range of the time-shift technique using this approach for the volume concen-
tration is estimated to be when the attenuation lies between 5% to 80%. When the attenuation
is over 80%, it is difficult to distinguish between the scattering from the internal scattering and
second-order refraction scattering. On the other hand, when the attenuation is too low (approx.<5
%.) then the level of internal scattering cannot be reliably distinguished from signal noise.
It is therefore instructive to examine under what conditions this range of attenuation (5% to
80%) can be expected. This is illustrated graphically in Fig. 5.4. In the left diagram of this figure,
the allowable mean free path E(L) resulting in a given attenuation ratio is shown. The mean
free path E(L) can then be used to yield a volume concentration, dependent on the radius of the
embedded (polystyrene latex) nanoparticles and their extinction coefficient factor Qext (which itself
is a function of r), according to the Lambert-Beer relation and assuming a drop diameter of 100
µm. This is expressed by re-arranging Eq. 3.37 as
Cv =
4
3E(L) ·
r
Qext
(5.7)
For a given size of colloidal particle, the factor r/Qext is fixed [36]. The relationship between the
size of the polystyrene latex nanoparticle and r/Qext is plotted in the right diagram of Fig. 5.4.
Fig. 5.5 shows the measurement range for different sizes of the polystyrene latex nanoparticle. The
solid black line illustrates the upper range of the colloidal concentration and the dashed line presents
the lower range. As the size of the particle increases, the measurement range decreases, however,
the sensitivity to changes in volume concentration becomes higher.
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Figure 5.4: Parameters that affect the measurement range according to the Lambert-Beer relation and for a
drop of 100 µm diameter.
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Figure 5.5: Measurement range for different sizes of polystyrene particles and for a drop of 100µm diameter.
In Fig.5.5, the solid black line illustrates the upper range of the colloidal concentration and the
dashed line presents the lower range. As the size of the particle increases, the measurement range
decreases, however, the sensitivity to changes in volume concentration becomes higher. Given the
above-mentioned pre-requisites to enable measurement of volume concentration, the optical mean
free path can then be estimated. Knowing this value and the material of the colloidal particles, an
estimate of the colloidal particle size can be made, assuming a monodispersed size distribution.
5.2 Experimental setup
Fig. 5.6 shows the experimental setup for acquiring time-shift signals from colloidal drops. Fig. 5.7
is a schematic illustration of the experimental setup. A drop generator (FMP GmbH) and syringe
pump are used to generate a stable drop chain. A camera has been calibrated and used to capture the
photographs of the drop chain; therefore, the drop size could be determined by counting the pixels
of a single drop on the photograph. The size of the drop is controlled by changing the frequency of
the function generator driving the drop generator, and the aperture of the drop generator. The raw
time-shift signal is sampled with a Picoscope 6404D, 4 channel oscilloscope, which has a sampling
rate of 500 MHz. For the time-shift instrument, the laser beam with an elliptical beam profile is
used as the source; the detector is arranged in backscatter at the scattering angle 165◦; the circular
lens has the size of 25.4 mm, which covers a solid angle of 0.032 steradian; the distance between the
measurement volume and the laser source is 125 mm, as well as the distance between the center
of the lens and the measurement volume. The half-power beam width of the Gaussian beam is
1000 µm in the X axis; and the half-power beam width of the Gaussian beam is 8 µm in the Y axis.
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Figure 5.6: Experimental setup used to acquire time-shift signals from colloidal drops falling through a
highly focused laser beam.
Time-Shift
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Syringe Pump
Function Generator
Camera
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Picoscope
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Figure 5.7: Schematic illustration of the experimental setup for measuring colloidal drops with the time-shift
instrument
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The particles in the colloidal drop are polystyrene latex nanoparticles, which are produced from the
company Magsphere Inc. The polystyrene latex nanoparticles are diluted in water and have a volume
fraction of 10%. The density of the polystyrene is very close to water, which avoids sedimentation.
The polystyrene nanoparticles have a refractive index of 1.6268 for the laser wavelength of 405 nm;
the relationship between the refractive index and the wavelength is given as
n2 − 1 = 1.4435λ
2
λ2 − 0.020216 (5.8)
in which n refers to the refractive index and the λ is the wavelength. The nanoparticles available for
experiments have the diameters 20 nm, 200 nm and 600 nm, as shown in the Fig. 5.8. The standard
deviation of the particle size within one batch is 10%. Fig. 5.9 is an image of the 200 nm polystyrene
latex nanoparticles acquired using transmission electron microscopy. The particle within the image
are not strictly spherical; however, for subsequent simulations they are treated as spherical particles.
Figure 5.8: Nanoparticles from Magsphere with different sizes
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Figure 5.9: TEM image of 200 nm polystyrene latex nanoparticles
Figure 5.10: the left image is a ruler scale for calibration of the camera; the right part of the image shows
the drop chain. Drop chain generated by the drop generator. The flow rate is 1.2 ml/min and the excitation
frequency of the function generator is 20.31 kHz.
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In Fig. 5.10, the left image is a ruler scale for calibration of the camera; the right part of the
image shows the drop chain. The diameter d of the drops generated by the drop generator can be
calculated using
d = ( 6 · V̇
π · fG
)1/3 (5.9)
in which V̇ is the volume flow rate and fG is the excitation frequency of the function generator. The
result is verified by comparing this computed value with the value obtained from direct imaging.
By using Eq. (5.9), the diameter of the drop shown in the Fig. 5.10 is measured to be 123.4 µm; by
using the imaging method the diameter is 125 µm. Therefore, the diameter of the drop given by
Eq. (5.9) is reliable.
5.3 Results of experiment and simulations
Effect of the inclusion size to the time-shift signal
The time-shift signals were acquired for drops with different sizes of nanoparticles. The size of the
nanoparticles has an strong effect on the time-shift signals, as Fig. 5.11 indicates. In Fig. 5.11, the
black line represents the time-shift signal captured from a colloidal drop with 30 nm inclusions; the
grey line is the time-shift signal captured from a colloidal drop with 200 nm inclusions. The volume
fraction of the inclusions for both time-shift signals are 2% and the size of the host drops are 128 µm.
As the size of the host drop is the same, the signal amplitude from the reflection scattering (p = 0)
is the same. Meanwhile, a stronger scattering from the inclusion is observed for the inclusions with
the size 200 nm, as well as a stronger attenuation of the time-shift signal amplitude for the signal
mode p = 2.1.
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Figure 5.11: Comparison of the time-shift signal for different sizes of suspended colloidal particles. The
diameter of the host drop (128 µm) and the concentration of the colloidal particles (2%) is the same for
both signals.
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Measurement of the volume concentration of colloidal drops by signal attenuation
In Fig. 5.12 measured time-shift signals from colloidal drops with different volume concentration,
varying from 0% to 10% are shown, when the size of the inclusions is 30 nm. The experimental
conditions are listed in the Tab. 5.1. "Diameter of pinhole" refers to the size of the hole of the FMP
drop generator; frequency refers to the frequency of the function generator.
Volume Fraction Diameter of pinhole Flow Rate Frequency Theoretical drop radius
0% 75 µm 1.3 ml/min 13.74 kHz 50.4 µm
2% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
5% 75 µm 1.3 ml/min 16.84 kHz 67.5 µm
10% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
Table 5.1: Experimental conditions from measuring the time-shift signals, when the size of the inclusions is
30 nm.
As Fig. 5.12 (b) and (d) present, when the volume fraction of the inclusions increases, the
scattering from inclusions is stronger, and stronger attenuation of the time-shift signal amplitude
from second-order refraction scattering can be observed. The time-shift signals in Fig. 5.12 (a)
were acquired from pure water drops; however, the drop size is smaller compared with the drops in
Fig. 5.12(b), (c) and (d), which can be recognized by comparing the peak distance of the individual
time-shift signals.
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Figure 5.12: Comparison of the attenuation of second-order refraction scattering under conditions of different
colloidal concentrations, ranging from 0 % to 10%. (diameter of colloidal particles = 30 nm; Cv: colloidal
concentration)
For signal processing, the amplitude of the signal peak for the signal mode p = 2.1 needs to be
evaluated from each of the measured time-shift signals. As Fig. 5.12 illustrates, the peak amplitudes
of the time-shift signals fluctuate. Therefore, for the time-shift signals measured from colloidal
drops with a certain volume concentration, after evaluation of the peak amplitude of the signal
86
5.3 Results of experiment and simulations
mode p = 2.1 from each time-shift signal, a mean value is calculated to reduce the random error.
For each time-shift signal, the peak amplitude for the signal mode p = 2.1 is obtained by the value
at the point marked with blue star, subtracting the value at the point marked with red star, which
represents the signal strength from the scattering of the inclusions.
After obtaining the peak amplitude for signal mode p = 2.1 for each volume concentration, the
attenuation ratio can be calculated by comparing with the peak amplitude from that of a pure drop
with the same size. As the measured time-shift signal in Fig. 5.12 (a) is measured for a pure liquid
drop whose size is different from the drop size in Fig. 5.12 (b), (c) and (d), the peak amplitude
I(D1) evaluated in Fig. 5.12 (a) needs to be converted to peak amplitude from the pure liquid drop
whose size is the same as the colloidal drops. After that it can be used as a reference to calibrate
the attenuation ratio of the peak amplitude from the colloidal drop. With the measured signal
amplitude I(D1) from a pure liquid drop with diameter D1, the signal amplitude I(D2) for a pure
liquid drop with the diameter D2 is obtained with Eq. (5.10).
I(D2) = I(D1) ∗
P (D2)
P (D1)
(5.10)
where P (D1) and P (D2) can be calculated using the Eq. (4.21) in section 4.2.The average evaluated
peak amplitude in Fig. 5.12 (a) is 0.7976. Using Eq. (5.10), the peak amplitudes for the pure water
drops with the radii 64.4 µm and 67.5 µm are 1.1469 and 1.2168 respectively. The theoretical
attenuation ratio for individual volume concentration is listed in Tab. 5.2.
Cv E(L) OL Theoretical attenuation ratio Measured at attenuation ratio
2% 2205 µm 252.7 µm 0.89 0.86
5% 882 µm 264.5 µm 0.74 0.74
10% 441 µm 252.7 µm 0.55 0.61
Table 5.2: Experimental results for evaluation of the attenuation ratio for different volume concentrations
of the inclusions. (OL is the optical path length within the colloidal droplet for the signal mode p = 2.1,
calculated with Eq. (5.4).)
The peak amplitude is evaluated for each measured time-shift signal from colloidal drops. The mean
value is calculated with the individual evaluated peak amplitude for different volume concentrations
of the inclusions. The results are illustrated in Fig. 5.13. The attenuation ratio can be evaluated
by comparing this peak amplitude with the calculated peak amplitude from a pure liquid drop, as
presented in Fig. 5.14. Substituting the measured value for the attenuation ratio in Eq. (5.6), the
volume fraction of the inclusion can be estimated.
When the size of the inclusions are 200 nm and 600 nm, only for very low volume fractions of the
inclusions could the signal mode p = 2.1 be evaluated. When the volume fraction is higher than
0.5%, the inclusions with diameter 200 nm and 600 nm have a much higher extinction efficiency
factor Qext compared with Qext for 30 nm inclusions. The optical mean free path E(L) is much
smaller, which leads to strong attenuation of the peak amplitude for signal mode p = 2.1. The peak
from signal mode p = 2.1 could not be distinguished from the signal arising from internal scattering,
as the left part of the Fig. 5.3 illustrates. Therefore, the volume concentration cannot be estimated
for these conditions.
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Figure 5.13: Evaluation of the peak amplitude for signal mode p = 2.1 of individual measured time-shift
signal from the colloidal drops. The volume fraction Cv varies from 2% to 10%.
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Figure 5.14: Comparison of the measured and theoretical attenuation ratio of the peak amplitude for sigal
mode p = 2.1.
Measurement of volume concentration of inclusions with the strength of internal
scattering
For the measured time-shift signals, the volume concentration of the inclusions can also be estimated
using the strength of the internal scattering from the inclusions within the drop. The size of the
colloidal drop can be determined by using the time-shift technique, as before. With the Monte Carlo
ray-tracing method in section 3.2, the theoretical relative scattering strength ηt can be simulated
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for different volume concentrations of the inclusions. The quantity ηm will be evaluated from the
measured time-shift signals. The estimation of the volume concentration is achieved by comparing
ηt with ηm.
The experimental conditions for measuring the colloidal drops with 200 nm inclusions are listed
in Tab. 5.3. The flow rate of the syringe pump and the frequency of the function generator are kept
constant, yielding colloidal drops with uniform size.
Cv Diameter of pinhole Flow Rate Frequency Theoretical drop size
0.14% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
1% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
2% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
5% 75 µm 1.3 ml/min 19.36 kHz 64.4 µm
Table 5.3: The experimental conditions for measuring the colloidal drops with 200 nm inclusions. The
volume concentration of the colloidal drop varies from 0.14% to 5%.
To validate the Monte Carlo ray-tracing code, the simulated time-shift signals have been compared
with the measured time-shift signals from a pure water drop and colloidal water drops with different
volume fractions. Fig. 5.15 presents the comparison between the simulated and measured time-shift
signal from a pure water drop. In Figs. 5.16 - 5.19 the comparisons between the simulated and
measured time-shift signal from colloidal drops with different volume concentrations are shown,
varying from 0.14% to 5%. The overall agreement between the simulated and the measured time-shift
signals is satisfactory.
Figure 5.15: Comparison between a simulated time-shift signal and a measured time-shift signal for a pure
water drop with the diameter 120 µm. (scattering angle θs=165◦, wavelength of the laser beam is 405 nm,
refractive index of drop is 1.3431, polarization state of the laser beam is parallel polarized.) Reproduced
from [28].
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Figure 5.16: Comparison between the measured and simulated time-shift signals. (drop size: 127 µm,
refractive index drop:1.3431, refractive index of inclusion: 1.6268, inclusion size: 200 nm, wavelength of
laser beam: 405 nm, volume concentration 0.14%
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Figure 5.17: Comparison between the measured and simulated time-shift signals (drop size: 128 µm,
refractive index drop:1.3431, refractive index of inclusion: 1.6268, inclusion size: 200 nm, wavelength of
laser beam: 405 nm, volume concentration 0.50%
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Figure 5.18: Comparison between the measured and simulated time-shift signals (drop size: 128 µm,
refractive index drop:1.3431, refractive index of inclusion: 1.6268, inclusion size: 200 nm, wavelength of
laser beam: 405 nm, volume concentration 1%
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Figure 5.19: Comparison between the measured and simulated time-shift signals (drop size: 128 µm,
refractive index drop:1.3431, refractive index of inclusion: 1.6268, inclusion size: 200 nm, wavelength of
laser beam: 405 nm, volume concentration 5%
Figure 5.20 shows the measured time-shift signals. Similar to the measured time-shift signals
in Fig. 5.12, the scattering strength from the inclusions is stable; however, the peak amplitude
fluctuates. Possible reasons for this fluctuation can be slight fluctuations of the sphericity of the
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host drop and small fluctuations of the drop trajectory through the measurement volume. The
signal strength from the internal scattering becomes stronger as the volume concentration of the
inclusions increases.
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Figure 5.20: Measured time-shift signals from drops with different colloidal concentrations ranging from
0.14 % to 2%. (diameter of colloidal particles = 200nm; Cv: colloidal concentration)
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In Fig. 5.20 the points marked with a blue star are the positions where the signal peak for
reflection scattering occurs. The signal value at these points is the total signal strength, which
combines the scattered signal from the host drop surface and the scattered signal from the inclusions.
For signal processing, individual time-shift signals need to be extracted from the signal train, which
can be realized by setting a threshold for the signal value, as illustrated in the second part of
Fig. 5.20. The scattered signal from the reflection scattering and the signal from the inclusions
need to be separated, in order to evaluate the relative scattering strength η of the inclusions, as
illustrated in Fig. 5.2. Determining the position for the reflection peak is relatively straight-forward;
extracting the starting and ending positions of the reflection peak, which are marked as A and B in
Fig. 5.2, is more challenging.
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Figure 5.21: Determination of the positions for the reflection peak start, maximal value and end point.
The beam waist ωy in the Y axis is given and the size of the drop can be measured with the
time-shift instrument. In Fig. 5.21, WTS is the moving distance of the drop within the duration of
the time-shift signal; WSS is the displacement from the instant when the time-shift signal starts to
the instant at which the reflection peak begins; WSR is the displacement from the instant when the
time-shift signal starts to the instant at which the maximum value of the reflection peak occurs;
WSE is the displacement from instant when the time-shift signal starts to the instant at which the
reflection peak ends. When the drop has a speed of v, the duration of the entire time-shift signal
tTS is expressed as
tTS =
WTS
v
= 2R+ 2 ∗ ωy
v
(5.11)
The duration from the start of the time-shift signal to the start of the reflection peak is written as
tSS =
WSS
v
= R ∗ (1− sin 10.4
◦)
v
(5.12)
The duration from the start of the time-shift signal to the end of the reflection peak is given as
tSE =
WSE
v
= R ∗ (1− sin 4.6
◦) + 2 ∗ ωy
v
(5.13)
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The duration from the start of the time-shift signal to the maximum value of the reflection peak is
formulated as
tSR =
WSR
v
= R ∗ (1− sin 7.5
◦) + ωy
v
(5.14)
The sampling rate of the signal is assumed to be constant throughout the entire signal. If within
the time tTS the number of data points sample is NTS , then within the time tSS , the number of the
sampled data points NSS can be obtained with
NSS = NTS ∗
R ∗ (1− sin 10.4◦)
2R+ 2 ∗ ωy
(5.15)
Then for the array built with the NTS data points, the NSSth value of the array should be the signal
strength at the starting point of the reflection peak. The signal strength at the ending point of the
reflection peak can be found in a similar manner, as well as the signal strength at the maximal value
of the reflection peak. Then the relative scattering strength η for individual measured time-shift
signal can be evaluated by using the Eq. (5.1). The value of η has been evaluated from the measured
time-shift signals at different volume concentrations, the results is illustrated in Fig. 5.22, in which
the black circles represent the value of η for individual measured time-shift signals. For certain
volume concentrations of the inclusions, a mean value is calculated, which is plotted as the red line
in Fig. 5.22. The η value has been simulated with the Monte-Carlo ray-tracing method for different
volume concentration, and the simulated η has been compared with the mean value of η from the
measurement. The comparison is presented in Fig. 5.23. From this comparison, it appears that
this approach is a feasible method to characterize the volume concentration of the inclusions by
evaluation of the relative scattering strength from the time-shift signal.
Nonetheless, the standard deviation shown in this figure is significant and increases with volume
concentration of colloidal particles in the drop. From the definition of η (Eq. (5.1)), it is clear that
even if the reflective scattering amplitude exhibits little variation, any variations or uncertainties in
the determination of the internal scattering amplitude will immediately contribute to the standard
deviation depicted in Fig. 5.23; For the same fluctuation level of reflective scattering, higher
internal scattering will lead to a larger deviation of η; this is the main reason that for higher
volume concentrations, a larger standard deviation is observed. Variations of the internal scattering
amplitude can arise physically, for instance through colloidal aggregates, which not only alter
the internal scattering, but may also influence the sphericity of the drop [22]. However, also the
uncertainty in estimating the internal scattering amplitude increases, since the signal noise (shot
noise) will be Poisson distributed; hence, increase with amplitude. Further remarks concerning the
influence of colloidal particle size on the internal scattering will be made below.
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Figure 5.22: Evaluation of relative scattering strength η from individual measured time-shift signal for
different colloidal concentration.
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Figure 5.23: Comparison between the measured η and simulated η for different volume concentrations of
the colloidal particles
For a drop with a given size, the volume concentration of colloidal particles is characterized by
comparing the measured η value with the simulated η value. As the volume concentration of the
particle increases, the optical mean free path E(L) will decrease, which leads to more interactions
between the inclusions and the light rays. However, the simulation time using the Monte-Carlo
ray-tracing method will also increase. Therefore, when ηCv1 is simulated for a host drop size D1 ,
but for higher volume concentrations Cv2, it is advantageous to use the Generalized Lorenz-Mie
theory and the effective medium theory to estimate the η2 to reduce the computational effort. For a
volume concentration Cv1, the ηCv1 for the host drop size D1 is formulated as
ηCv1 =
TSCv1 −RSCv1
RSCv1
= ISCv1
RSCv1
(5.16)
in which TSCv1 is the total signal strength and RSCv1 is the signal strength from the reflection
scattering. Both of these values are obtained with the Monte-Carlo ray-tracing method. Using
the effective medium theory for colloidal drop, the effective dielectric constant εeff1 and εeff2 are
calculated for the volume concentrations Cv1 and Cv2 respectively with the Eq. (5.17).
εeff − εm
εeff + 2εm
= δinc
εinc − εm
εinc + 2εm
(5.17)
neff =
√
εeff · µ (5.18)
in which εeff is the effective dielectric constant of the medium; εinc is the dielectric constant of the
inclusions; εm is the dielectric constant of the medium; δinc is the volume fraction of the inclusions.
Using the GLMT method to calculate the total signal strength TSeff1 and TSeff2 for a homogeneous
spherical particle for the refractive index neff1 and neff2 respectively. Then the relative scattering
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strength ηCv2 is estimated with Eq. (5.19).
ηCv2 =
TSCv1 ∗
TSeff1
TSeff2
−RSCv1
RSCv1
(5.19)
5.3.1 Calculation of the size of the colloidal particles
When the volume concentration Cv of the colloidal drop is given, the size of inclusions can also be
measured indirectly by evaluating the attenuation ratio of the time-shift signal. Eq. (3.37) can be
rewritten as
Qext(r)
r
= 43E(L) · Cv
(5.20)
The optical mean free path E(L) can then be obtained using Eq. (5.21), by evaluating the attenuation
ratio of the signal from second-order refraction scattering.
E(L) =
−4R · cos (arcsin sin θp=2.1m )
ln II0
(5.21)
in which R is the radius of the colloidal drop and can be measured with the time-shift instrument,
θp=2.1 is the incident angle for the time-shift signal mode p = 2.1, computed using Eq. (5.5).
Substituting the Eq. (5.21) into Eq. (5.20), Eq. (5.22) can be obtained.
Qext(r)
r
=
− ln II0
3R · cos (arcsin sin θp=2.1m ) · Cv
(5.22)
From the measured time-shift signal from a colloidal drop, the right part of the Eq. (5.22) can be
evaluated. The relationship between the Qext(r)r and the radius of the particle is obtained by using
the Lorenz-Mie theory. The extinction cross-section is given as Eq. (5.23) [5].
Cext =
2π
k2
∞∑
n=1
(2n+ 1)Re(an + bn) (5.23)
in which k refers to the wave number; an and bn are the scattering coefficients, which can be
calculated using Eqs. (2.17) and (2.18). The relationship between the extinction cross-section Cext
and the extinction coefficient factor Qext(r) is expressed as
Cext = Qext(r) ∗ π ∗ r2. (5.24)
Then the Qext(r)r can be formulated as
Qext(r)
r
= 2
k2 · r2
∞∑
n=1
(2n+ 1)Re(an + bn) (5.25)
Figure 5.24 shows the relationship between Qext(r)r and the radius r of the polystyrene latex particle.
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Figure 5.24: Relationship between radius of the polystyrene latex particles and the quotient of the extinction
efficiency factor and the drop radius
In Fig. 5.25, two measured time-shift signals with known volume concentration of the inclusions
are illustrated; the volume concentrations are 2% and 0.14% respectively. Comparing with the
peak amplitude for the time-shift signal mode p = 2.1 from a pure drop, whose size is the same as
the colloidal drop, the attenuation ratios are evaluated as 0.86 and 0.41, substituting these values
in Eq. (5.22), the Qext(r)r value is obtained. The theoretical particle sizes are 30 nm and 200 nm
respectively; the measured values are 33 nm and 214 nm.
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Figure 5.25: Estimation the size of the colloidal particles within the drop
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5.3 Results of experiment and simulations
Volume Fraction Attenuation Ratio Incident angle θp=2.1 Qext(r)r Measured Size
0.14% 0.41 15.6◦ 3.41 33 nm
2% 0.86 15.6◦ 0.04 214 nm
Table 5.4: Estimation the size of the colloidal particle
For measurements using a light source with a single wavelength, the measurement range of the
particle size is limited, because Qext(r)r is usually monotonic when the radius of the particle is under
400 nm; combined with other wavelengths, the measurement range could be extended. Fig. 5.26
illustrates the relationship between Qext(r)r and particle size for three different wavelengths.
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Figure 5.26: Relationship between radius of the polystyrene latex particles and the quotient of the extinction
efficiency factor and the radius for different wavelengths
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6 Summary and Outlook
Summary Within this study, the light scattering properties of complex particles and characteriza-
tion of such particles with the time-shift technique have been investigated. In the framework of this
study, the term complex particles refers to drops with single embedded spheres or flakes, spheroidal
drops, and drops with multiple embedded inclusions. According to the shape, composition and the
size parameter of the particle, corresponding simulation methods have been chosen to simulate the
light scattering of these particles.
A ray-tracing code has been developed to investigate the light scattering properties of spheroidal
drops by varying their aspect ratio, and drops with single embedded flakes or spheres by varying
the position of the sphere and the orientation of the flake within the drop. The code has been
validated through comparison with the computation results from Lorenz-Mie theory and other
code for geometric optics. Subsequently, the code for the simulation of the time-shift signals from
these drops has been written, which is used to simulate the time-shift signal from these drops in
order to characterize them with the time-shift technique. For measuring the size of the spheroidal
particle, whose aspect ratio is between 0.9 and 1.1, the systematic error achieved using the time-shift
instrument should be within 15%. The simulated scattering diagrams indicate additional backscatter
contributions arising from the reflection of light from the embedded particle and these contributions
increase the amplitude and duration of the reflection peak in the time-shift signals for virtually all
geometrical situations studied. Therefore, one can conclude that, with suitable signal detection
and modifications to the signal processing, the time-shift technique should be able to unequivocally
detect whether a drop contains a spherical particle or not. For detection of the embedded flake with
time-shift technique, a situation of particular interest when measuring metallic paints, the answer is
less conclusive.
For investigating the light scattering properties of colloidal drops, the polarized Monte Carlo
ray-tracing code has been developed, which also allows the simulation of the time-shift signal
acquired from a colloidal drop. The code has been validated through comparison of the simulated
and measured time-shift signals from pure water drops as well as colloidal drops with embedded
polystyrene latex nanoparticles. The results from simulation and experiment show that the the
colloidal concentration could be estimated from the time-shift signals through evaluation of the
relative scattering strength from the inclusions and through evaluation of the attenuation ratio for
the signal mode p = 2.1, when the inclusions are spherical and their size and refractive index are
known. The size of the nanoparticles could be measured with the time-shift technique as well for
certain ranges of volume concentration.
Outlook For the characterization of the volume concentration of colloidal drops, the assumption is
that the change of signal amplitude of the reflection peak is very limited as the volume concentration
changes. However, for higher volume concentrations of colloidal particles, this assumption needs to
be validated.
Using the Monte Carlo ray-tracing method the generation of a look-up table for η is still compu-
tationally intensive. For a certain size range of the inclusions and specific colloidal concentrations,
an analytical or semi-analytical relationship between the parameter η for the relative scattering
strength and the drop size would be desirable, thus accelerating the pre-processing effort immensely..
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A more common situation in industry is that the colloidal particles within the host drop are
polydisperse; therefore, it is necessary to extend the Monte Carlo ray-tracing code for a polydisperse
system. For colloidal drops with high volume concentration, this will lead to a smaller optical mean
free path E(L). When E(L) is smaller than the wavelength of the laser beam, the transport of
the light within the drop can no longer be treated as independent [10]. Interference effects on the
scattering phase function of the inclusions may become significant. In some cases, drops as well as
the inclusions could be absorbing. Then the refractive indices for the drop and the inclusions are
not real. The Monte Carlo ray-tracing code would have to be extended to accommodate imaginary
refractive indices.
When a coherent laser is used as the light source for the time-shift instrument, the interference
fringes should appear within the peaks of the time-shift signal, as the gray lines show in the
Fig. 6.1, similar as the measured signal acquired from a colloidal drop by using the phase Doppler
measurement technique [42]. These interference fringes can potentially provide more information
for the signal processing to separate the signal from internal scattering of the inclusions and the
scattering from the drop.
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Figure 6.1: Assumption of the time-shift signal captured from a colloidal drop by using a coherent laser as
light source.
The T-Matrix method provides a solution to the Maxwell’s equations of scatterers and could
compute the light scattering from colloidal drops. A notable advantage of the T-matrix method is
that it is a complete dataset of scattering information which is only related to the size, the refractive
index, and shape of the particle. For simulation of the entire time-shift signal, the Monte Carlo
ray tracing method needs to be implemented multiple times. However, the T-matrix would only
needs to be computed once. The scattered electric field for each time step could be obtained by
only changing the incident electric field. Besides, the T-matrix method should be more accuracy
than the Monte Carlo ray-tracing method. It is necessary to investigate the computation effort for
computing the light scattering of colloidal drop with the T-Matrix method, when the size parameter
of the drop beyond 300. If the computation effort is acceptable, the time for the pre-processing to
estimate the colloidal concentration could be reduced and higher accuracy could be expected.
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The Monte-Carlo ray-tracing code is currently programmed with Matlab. The parallel computation
is realized by using the parallel computing tool box which requires multiple licences. To improve
the computation efficiency, the code should be rewritten with another programming language for
parallel computing, for instance Fortran, or C#.
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Nomenclature
Capital roman letters
B V s m−2 magnetic induction vector
Cext m2 extinction cross-section
Cv volume concentration
D A s m−2 dielectric displacement field
DRA unit vector for rotation axis
DDrop m drop diameter
D m host drop diameter
E V/m electric field strength
E(L) m optical mean free path
Eoi V/m incident electric field strength orthogonal to plane of inci-
dence
Epi V/m incident electric field strength parallel to plane of incidence
Eor V/m reflected electric field strength orthogonal to plane of inci-
dence
Epr V/m reflected electric field strength parallel to plane of incidence
Eot V/m transmitted electric field strength orthogonal to plane of
incidence
Ept V/m transmitted electric field strength parallel to plane of inci-
dence
Er V/m reflected electric field strength
Et V/m transmitted electric field strength
G(r, r′) Green’ function
H A/m magnetic field vector
I identity dyadic
Ii W m−2 identity for incident ray
Ik W m−2 identity for individual ray
Isca W m−2 identity for scattered ray
J A m−3 Volume current density
M(θ) Mueller matrix
M vector Function
N m−3 number density of the colloidal particles
PHG(θ) m−3 Henyey-Greenstein phase function
PR W signal generated from reflection
PT W signal generated from second order refraction
Qext extinction coefficient
R(φ) A/m rotation matrix
R121n coefficient for reflection of partial wave
R212n coefficient for reflection of partial wave
S Stokes vector
Si Stokes vector for incident ray
Ssca Stokes vector for scattered ray
T 21n coefficient for transmission of partial wave
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T 12n coefficient for transmission of partial wave
V̇ ml/min flow rate
V vector to be rotated
VD m3 volume of the host drop
VP m3 volume of the single embedded particle
Y (θ, φ) spherical harmonics
Lowercase roman letters
an scattering coefficient
bn scattering coefficient
cl speed of light
d m particle size
fG Hz excitation frequency of the function generator
g asymmetry factor
m relative refractive index
i imaginary unit
k 1/m wavenumber
k0 1/m free space wavenumber
ki propagation direction
n normal vector at the boundary
nD normal vector of detector
nR vector for the propagation direction of reflected ray
nT vector for the propagation direction of outgoing ray after
once internal reflection
neff effective refractive index
ni refractive index of incident medium
nt refractive index of transmitted medium
r m radius
r‖ Fresnel coefficient for reflection by parallel polarization
r⊥ Fresnel coefficient for reflection by perpendicular polarization
〈s〉 m average value of the optical mean free path
t‖ Fresnel coefficient for transmission by parallel polarization
t⊥ Fresnel coefficient for transmission by perpendicular polar-
ization
v m/s velocity of the drop
x, y, z m model coordinates
Capital greek letters
Θ Particular solution for angle θ
Φ Particular solution for angle φ
Ψ scalar wave function
Lowercase greek letters
α
◦ zenith angle of the orientation of the flake within drop
β
◦ azimuthal angle of the orientation of the flake within drop
αij polarization tensor
θ
◦ polar deflection angle
θb
◦ block angle
θi
◦ incident angle
θr
◦ reflected angle
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θt
◦ transmitted angle
θrotr
◦ rotation angle of the reflected ray
θrott
◦ rotation angle of the transmitted ray
φ
◦ azimuthal angle
ξ random number between 0 - 1
ξ
(1)
n Riccati-Bessel function
ξ
(2)
n Riccati-Bessel function
ε0 vacuum permittivity
ω Hz angular frequency
ωx m beam waist of elliptical laser beam in X axis
ωy m beam waist of elliptical laser beam in Y axis
εeff F/m effective dielectric constant
εinc F/m dielectric constant of inclusion
εm F/m dielectric constant of medium
εr(r) relative permittivity
δ Derac delta function
δinc volume fraction of the inclusions
µabs absorption coefficient
µext extinction coefficient
µsca scattering coefficient
η relative scattering strength
κ inverse of the aspect ratio
λ m wavelength
Indices
abs absorption
eff effective
ext extinction
inc inclusion
sca scattering
Dimensionless numbers
D∗P
DP article
DDrop
relative size of the embedded spherical particle
D∗F
DF lake
DDrop
relative size of the embedded flake
ψ (x0,y0,z0)DDrop relative position of the sphere within the drop
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